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Abstract 
 
 In the United States, nutrient and pharmaceutical loading into lakes, streams, and 
estuaries is a problem that has been recognized for decades and is of special concern for many 
North Carolina (NC) watersheds.  Pharmaceuticals and personal care products (PPCPs) are used 
in households on a daily basis, and include prescription analgesics, antibiotics, and hormone 
regulators as well as over-the-counter medications, fragrances, and cleansers.  Onsite wastewater 
treatment systems (OWTS) are a potential non-point source of nutrients, such as nitrogen and 
carbon, as well as PPCPs, and are extensively used in coastal NC.  The goal of the present study 
was to determine the fate and transport of total dissolved nitrogen (TDN), dissolved organic 
carbon (DOC), and PPCPs from OWTS in the Tar-Pamlico river basin. Four residential OWTS, 
in Greenville, NC, were sampled to determine the flow path of TDN and DOC using hydrologic, 
physical, and chemical data, and determine the detection frequency of selected PPCPs.  Specific 
site conditions influencing TDN, DOC, and PPCP concentrations were analyzed including: soil 
type, distances from the OWTS, wastewater loading rates, and various chemical properties such 
as pH, dissolved oxygen (DO), temperature, and electrical conductivity. Treatment efficiencies 
!!
from the tank to the drainfield ranged from 32-95% for TDN and 45-82% for DOC.  The PPCPs 
most commonly detected in groundwater beneath the OWTS drainfield, and down-gradient of 
the system included: DEET, ibuprofen, caffeine, and homosalate (a sunscreen agent), ranging in 
concentrations from 0.12 µg L-1 to 12.04 µg L-1 in the groundwater. The concentrations of PPCPs 
detected in this study were inversely correlated with distance from the tank (!=-0.56; p-value= 
<0.0001). Findings from this study have implications for OWTS regulations in NC and could 
potentially be used to guide future nutrient and toxics-based water management strategies.   
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CHAPTER 1:  Introduction, Overview of the Present Study, and Organization 
 
1.1 Introduction 
 Pharmaceuticals and personal care products (PPCPs) represent a wide variety of organic 
chemicals used by the consumer on a daily basis.  These chemicals include prescription and non-
prescription drugs, cosmetics, cleansers, detergents, and fragrance products.  Pharmaceutical and 
personal care products are often defined in the literature by their chemical classes and type of use 
(Daughton, 2004).  As a result of their ubiquitous use, PPCPs have become micro-pollutants of 
emerging concern but remain unregulated in the environment.  Pharmaceuticals and personal 
care products have been detected in the past few decades in wastewater, groundwater, surface 
water, and/or drinking water resources throughout most of the developed world, including the 
US (Loos et al., 2010; Zuccato et al., 2006; Ahel et al., 2009; Walraven & Laane, 2009). The 
United States Geological Survey (USGS) has performed reconnaissance surveys of streams, 
groundwater sources, and municipal drinking water sources, and reported PPCPs in each water 
source (Kolpin et al., 2002; Barnes et al., 2008; Focazio et al., 2008).   The most commonly 
detected PPCPs from these reconnaissance surveys, including the maximum concentrations 
reported, are shown in Table 1.1. While the detection of PPCPs in the environment is becoming 
widespread, concentrations are typically low (ng L-1 to µg L-1 range).  However, depending on 
the chemical, PPCPs have the potential to persist in the environment for months or even years 
(Monteiro & Boxall, 2009).  In addition, the detection of PCPPs in water resources has attracted 
significant public interest (Rodriguez-Mozaz & Weinburg, 2010) because of the potential health 
effects that chronic, involuntary exposure to low concentrations of PPCPs could induce, 
especially to more vulnerable sub-populations.  Many of these chemicals are suspected or 
! ! !
!0!
potential endocrine disrupting compounds, and long-term effects of exposure to individual 
compounds or their metabolites is not well understood (Daughton & Ternes, 1999).   
  
Table 1.1. Summary of pharmaceutical and personal care products most commonly detected 
in surface and groundwater reconnaissance studies in the US. Surface water data is from 
Kolpin et al., 2002 and groundwater data is from Barnes et al., 2008. !
Max reported concentration
 (µg/L)
coprostanol fecal steroid 9.8
cholesterol plant/animal steroid 10.0
N,N-diethyltoluamide (DEET) insect repellant 1.1
caffeine stimulant 6.0
triclosan antimicrobial 2.3
tri (2-chloroethyl) phosphate fire retardent 0.5
4-nonylphenol detergent metabolite 40.0
ibuprofen! antiinflammatory 1.0
N,N-diethyltoluamide (DEET) insect repellant 13.50
bisphenol A plasticizer 2.55
tri (2-chloroethyl) phosphate fire retardent 0.74
sulfamethoxazole antibiotic 1.11
4-octylphenol monoethoxylate detergent metabolite unquantified
caffeine! stimulant 0.13
ibuprofen! antiinflammatory 3.11
Su
rf
ac
e 
W
at
er
G
ro
un
dw
at
er
! Indicates compounds that were not necessarily the most frequently detected, but are included 
for comparison because they were detected in the current study.  
Compound Use
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1.1.1 Ecotoxicology and Potential Effects of PPCPs on the Aquatic Environment 
 Pharmaceuticals are designed to have a specific effect on target metabolic and molecular 
pathways in both humans and animals.  They may also have a corresponding effect on non-target 
organisms when introduced into the environment (Daughton & Ternes, 1999). The potential 
ecological effect of pharmaceuticals on the environment and aquatic organisms has become a 
topic of extensive research in the past decade.  In 2004, it was reported that an anti-inflammatory 
drug, diclofenac, was responsible for the decline of three vulture populations in India and 
Pakistan (Fent et al., 2006).  The vultures were exposed to the veterinary drug when they fed on 
the carcasses of livestock that had been treated with diclofenac (Oaks et al., 2004; Green et al., 
2006).  The chemical caused renal failure in the vultures.  As a result of the steep decline in these 
vulture populations, it has been recommended that cattle not be treated with diclofenac.    
 Kidd et al. (2007) found that exposure to a synthetic estrogen used in birth control pills, 
caused the feminization of male fish.  The field experiment was conducted over a seven-year 
period, on fathead minnow, chronically exposed to low concentrations of estrogen.  Exposure to 
this female reproductive hormone led to the near extinction of the species from the experimental 
lake (Kidd et al., 2007).  Many other studies have found similar negative responses in other fish 
species in response to endocrine disruptors (Brian et al., 2005; Thorpe et al., 2001).  
  Brodin et al. (2013) found that wild European perch exposed to dilute concentrations 
(1.8 µg L-1) of an anti-anxiety drug (oxazepam) in a stream exhibited increased activity and 
feeding rate, potentially as a result of increased boldness, and decreased social behavior.  
Alterations in fish behavior from exposure to PPCPs can significantly impact growth, 
reproduction, and survival of populations and have ecosystem wide effects in a stream 
community (Brodin et al., 2013).   
! ! !
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 Fong and Molnar (2008) studied the effects of an antidepressant (Prozac) on reproductive 
processes in three bivalve species.  They found that exposures to 5 µM concentrations induced 
spawning in zebra mussels and dark false mussels.  In addition, exposure to 10 µM 
concentrations induced parturition (giving birth) in fingernail clams (Fong & Molnar, 2008).  
These bivalves are considered exotic pest species and potential exposure to PPCPs could result in 
increased spawning and reproduction rates; further increasing their ability to take over a stream 
ecosystem, and depress sensitive, native mussel populations.  One study linked PPCPs, including 
sunscreens, to increased coral bleaching in four coral reef areas around the world, as a result of 
promoting viral infections in zooxanthellae (Danovaro et al., 2008).  Pharmaceuticals have also 
been shown to have synergistic effects on various species of algae and zooplankton when found 
in mixtures in the water system (Fent et al., 2006; Cleuvers, 2003).  
In addition, there is speculation that the accumulation of antibiotics in aquatic sediments 
may be a significant contribution to the problem of antibiotic resistance (Kümmerer, 2003; 
Rodriguez-Mozaz, 2010).  The presence of antibiotics in the aquatic ecosystem has also been 
shown to affect decomposer communities, and organic matter flow in stream ecosystems 
(Bundschuh et al., 2009).   Bundschuh et al. (2009) studied the impact of a mixture of antibiotics 
on microbial colonization of decomposing matter in streams, and whether microbial density 
affected the food choice of a leaf-shredding macro invertebrate.  Leaves treated with a 200 µg L-1 
mixture of antibiotics were found to have a much higher fungal biomass and were preferentially 
consumed by the macro invertebrate than control leaves (Bundschuh et al., 2009).  It has been 
proposed that PPCPs in the environment have the potential to significantly impact 
biogeochemical cycles including the carbon and nitrogen cycles (Likens, 2004; Rosi-Marshall & 
Royer, 2012).  Bunch and Bernot (2011) assessed the influence of PPCPs on stream microbial 
! ! !
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activity by measuring changes in nutrient uptake and sediment respiration after exposure to 
PPCPs.  Exposure to PPCPs did not affect microbial respiration rates in lab experiments, but 
exposure to PPCPs in natural streams increased microbial respiration.  Lab tests also indicated 
that net nitrate nitrogen uptake increased with exposure to nicotine, and net ammonium uptake 
was reduced with exposure to both nicotine and caffeine (Bunch & Bernot, 2011).   If microbes 
preferentially utilize PPCPs as a nitrogen source before nitrate and ammonium, there is the 
potential for nitrogen buildup in what may already be a nutrient sensitive body of water.  
The results of these studies indicate that the presence of antibiotics and other PPCPs 
could be having significant effects on trophic levels and ultimately ecological function in an 
aquatic ecosystem (Rosi-Marshall & Royer, 2012).  Pharmaceuticals and personal care products 
have the potential to bio accumulate in the environment and in the tissues of higher trophic level 
organisms.  A suite of PPCPs has been detected in fish fillet and liver tissues across the U.S. 
(Ramirez et al., 2009).  The bioaccumulation potential of PPCPs largely depends on the specific 
physical and chemical properties of each individual compound as well as interactions within 
specific ecosystems.  Most PPCPs that are likely to bio accumulate are highly resistant to 
degradation.   The extent of the ecotoxicological effects from each PPCP, as well as mixtures of 
PPCPs, is not well understood.  There is concern that effects to aquatic and terrestrial organisms 
could be slow and subtle, to the point of being undetectable, until the changes result in 
population or ecosystem level effects (Daughton & Ternes, 1999).   
1.1.2 Fate and Degradation Pathways of PPCPs  
 Upon discharge into the environment, the partitioning of PPCPs between the solid and 
liquid phases plays an important role in their fate.  Solubility of each compound, along with the 
associated octanol-water partitioning coefficient (KOW) can be used to predict a compound’s 
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partitioning behavior (Wells, 2006).   Many PPCPs are extremely hydrophilic, have high 
solubility, and readily dissolve in water.  Those that are more hydrophobic tend to have lower 
solubility, and higher log KOW values, indicating their preference for partitioning to the natural 
organic phase instead of water (Jjemba, 2006).  Sorption of PPCPs to organic matter and soils 
can be significant as well.  Log KOW, along with the organic carbon partition coefficient (KOC) 
have been used to predict sorption behavior of PPCPs, with high log KOW and KOC values 
indicating preferential sorption to soils and organic matter, thereby decreasing PPCP 
bioavailability in the environment (Jjemba, 2006; Jones et al., 2004).  However, sorption of 
PPCPs to dissolved organic carbon (KDOC) can have the opposite effect, and increase their 
mobility in the soil environment (Tolls, 2001; Jones et al., 2004; Katsoyiannis & Samara, 2007).  
The origin of DOC may play a role in sorption of PPCPs with wastewater derived DOC resulting 
in reduced sorption capacity compared to natural DOC (Carmosini & Lee, 2009; Neale et al., 
2011).  Tolls (2001) concluded that hydrophobicity of PPCPs was not the only factor 
determining sorption, but that size of the soil particles and available reactive surface area played 
a large role, along with hydrogen bonding and cation exchange processes.     
 Other processes for removal of PPCPs in the environment include hydrolysis, photolysis 
(photodegradation), and biodegradation (Jones et al., 2004; Bhandari et al., 2009).  Upon 
ingestion and excretion, PPCPs come into contact with water in which they react and are 
transformed via hydrolysis.  Photolysis is the chemical decomposition of PPCPs due to light 
exposure. Hydrolysis and photolysis degradation rates of PPCPs depend on the availability of the 
compound to react.  If PPCPs are bound to organic matter they are less likely to degrade via 
these reactions. Microbial transformation or degradation of PPCPs occurs as a result of microbes 
utilizing PPCPs as either a carbon or energy source (Kagle et al., 2009).  Microbial degradation 
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of PPCPs depends on a variety of factors including temperature, hydraulic and soil retention 
time, and the complexity of the molecule’s structure, with larger more complex molecules being 
more difficult for microbes to utilize (Kagle et al., 2009; Jones et al., 2004).  In addition, the 
presence of additional carbon sources may inhibit PPCP degradation, if the other carbon sources 
are preferentially utilized (Kagle et al., 2009).  Oxygen availability is another factor affecting the 
rate of microbial transformation of PPCPs.  Biodegradation of PPCPs tends to be much faster 
under aerobic conditions probably because of the abundance of microbial communities in oxic 
versus anoxic environments (Lapworth et al., 2012).  Surprisingly, Carr et al. (2011) found that 
soil previously unexposed to PPCPs resulted in a greater ability, under anaerobic conditions, to 
degrade compounds than previously exposed soil.  Under aerobic conditions the previously 
exposed soil resulted in either a small increase or no difference, in degradation rates of PPCPs 
(Carr et al., 2011).  Other studies have shown that repeated exposure to PPCPs results in 
microbial community adaptation resulting in increased degradation or transformation rates 
(Chang et al., 2004; Lin et al., 2006).   
 A few studies have isolated and identified specific bacterial strains capable of utilizing 
PPCPs as an energy source.  For example, Murdoch and Hay (2005) characterized the 
metabolism of ibuprofen by Sphingomonas sp. strain Ibu-2, which was able to utilize ibuprofen 
as a sole carbon and energy source.  Seo et al. (2005) reported the metabolism and partial 
degradation of DEET by the fungi Cunninghamella elegans and Mucor ramannianus, and 
Rivera-Cancel et al. (2007) reported the bacterial degradation of DEET by Pseudomonas putida 
DTB.  Understanding the degradation pathways of PPCPs should be an important aspect of 
future mitigation strategies.   
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1.1.3 Onsite Wastewater Treatment Systems as a Source of PPCPs to the Environment 
 Possible sources of PPCPs to the environment include human and animal wastes, landfill 
leachate, and direct disposal of PPCPs into the waste stream (Conn et. al, 2006) (Figure 1.1). 
In urban areas a large source of PPCPs into the aquatic environment is centralized wastewater 
treatment plant effluent.  The removal of PPCPs from centralized treatment plants is challenging 
and costly, and many are not equipped to filter out these chemicals.  Studies have found that 
conventional wastewater treatment methods have between 20%-90% removal rates for 
pharmaceuticals, with the most effective being advanced treatment processes such as reverse 
osmosis and ozonation (World Health Organization, 2011).  In rural areas, onsite wastewater 
treatment systems (OWTS), usually known as septic systems, are the most common method of 
wastewater treatment.  Over 21% of the U.S. population utilizes OWTS (U.S. Census Bureau, 
2008).  Most OWTS have three basic components including a septic tank, drainfield trenches, 
and the underlying soil (Figure1.2). The tank is responsible for primary, anaerobic, wastewater 
treatment and allows for gravity separation of fats, oils, greases, scum, and solids, so primarily 
liquid effluent leaves the tank (after a holding time of approximately two days) and enters the 
drainfield trenches.  The trenches provide storage until effluent percolates into the soil and 
undergoes aerobic digestion/treatment in the unsaturated zone.  Most of the physical, chemical, 
and biological treatment of wastewater effluent occurs in the soil beneath the system.  Because of 
the increasing density of OWTS in some areas, groundwater degradation and nutrient loading 
into surface waters has become a concern (Harman et al., 1996; Reay, 2004; Humphrey et al., 
2012).  Performance of most OWTS is dependent on a variety of factors including system 
design, construction, and maintenance, wastewater properties, loading rates, as well as site, soil, 
and climatic characteristics.   
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Onsite wastewater treatment systems are a potential source of PPCPs. Once OWTS are 
initially permitted, the treatment performance of the systems is typically not monitored. If PPCP 
concentrations are not reduced via the OWTS, then groundwater, nearby surface waters, and 
associated aquatic organisms, may be affected.  In North Carolina alone, there are over 2 million 
OWTS and between 20,000 - 40,000 new OWTS installed each year (Hoover & Konsler, 2004). 
Thus, water resources of North Carolina may be at risk from an influx of PPCPs.   
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Figure 1.1. Common sources and fate of pharmaceuticals and personal care products into the 
environment (modified from Nikolaou et al., 2007; Kummerer, 2003; & WHO, 2011). 
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While many studies have examined the presence of PPCPs in surface waters as a result of 
wastewater treatment plant discharge, fewer studies have examined OWTS as a source of PPCPs 
to ground and surface water. Katz et al. (2010) found that PPCP detection in groundwater 
beneath OWTS was related to water use and site lithology with higher detections present at sites 
with high water use and a shallower distance to the underlying limestone.  Swartz et al. (2006) 
monitored several estrogenic PPCPs in a residential OWTS, and the groundwater down-gradient, 
in Cape Cod, MA.  Concentrations of PPCPs were found to be highest in the suboxic to anoxic 
portion of the wastewater plume, and lowest within shallow, oxic depths (Swartz et al., 2006).  
Conn et al. (2006) quantified PPCPs in wastewater from thirty OWTS from both residential and 
non-residential sites in Colorado.  It was found that nonresidential sources generally had higher 
concentrations of PPCPs in the septic tank compared to residential sites (Conn et al., 2006).  
Comparing treatment mechanisms of OWTS it was found that systems with an additional aerobic 
treatment had lower median concentrations of PPCPs than those utilizing anaerobic tank 
treatment alone (Conn et al., 2006).  The vast majority of OWTS in NC do not utilize advanced 
wastewater treatment.  Godfrey et al. (2007) found evidence of twelve PPCPs in OWTS effluent, 
in underlying shallow groundwater, and in a local aquifer, in measurable concentrations in 
western Montana.  In addition, they found evidence that vadose processes are effective in 
reducing concentrations or removing some PPCPs from sewage effluent (Godfrey et al., 2007).  
Other studies have found similar results regarding the presence of PPCPs in OWTS effluent 
(Carrara et al., 2008; Standley et al., 2008; Matamoros et al. 2009; Conn et al., 2010a; Conn et 
al., 2010b; & Dougherty et al., 2010).   
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1.2 Overview of the Present Study 
 Greenville, a city in the Coastal Plains region of North Carolina (NC), in Pitt County, is 
the tenth largest city in NC with a population of about 86,017 people (U.S. Census Bureau, 
2011). Greenville is part of the Neuse and Tar-Pamlico River basins, which drain into the 
Pamlico Sound.  Four onsite wastewater treatment systems (OWTS) were studied in the Eastern 
Pines area of Greenville, NC.  These sites were chosen because of the fact that they drain to the 
nutrient sensitive Tar-Pamlico River, and domestic sewage in Eastern Pines is disposed of almost 
entirely by conventional OWTS.  Each of the four sites is a single-family, residential home, 
which utilizes a conventional gravity-fed OWTS. 
 The goal of the present study was to determine the fate and transport of TDN and DOC 
from OWTS in the Tar-Pamlico river basin, and to determine if OWTS could be a significant 
source of PPCPs into both ground and surface water resources.  Groundwater, septic tank, and 
stream environmental readings and samples were collected from each site seasonally in January, 
May, August, and November 2012.  Site conditions were characterized including: soil type and 
separation distance to water table, and various chemical properties such as pH, dissolved oxygen, 
electrical conductivity, temperature, total dissolved nitrogen (TDN), dissolved organic carbon 
(DOC), and specific PPCP contaminant properties.   
 Results indicated that OWTS were having an impact on both shallow groundwater and 
adjacent surface water in terms of nitrogen, carbon, and PPCP inputs.  The extent of the impact 
on water quality seems to be dependent on a variety of factors including wastewater-loading rate, 
vertical separation distance from trench bottom to water table, and soil type.  More stringent 
OWTS regulations may be required to control these non-point sources of nutrients, especially in 
the coastal areas of NC where sandy soils and a shallow water table dominate.   
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 The PPCPs most commonly detected in this study included DEET, ibuprofen, caffeine, 
and homosalate (a sunscreen agent).  Compounds were detected in the "g L-1 range.  Average 
tank concentrations ranged from 3.16 - 73.78 "g L-1 while average concentrations in the 
groundwater ranged from 0.36 - 3.46 "g L-1.  This study sheds some light on the behavior of 
PPCPs within OWTS in Eastern NC.  The high density of OWTS utilized in eastern NC, 
especially near sensitive coastal ecosystems, make the presence of PPCPs a concern for both 
homeowners and policymakers.  The collection of field data on how effective these systems are 
in treating PPCPs could potentially influence OWTS policies and guidelines. Vertical separation 
distance and horizontal setback distances are especially important in terms of protecting aquatic 
resources from micro-pollutant contamination.  Findings from this study have implications for 
OWTS regulations in NC and could potentially be used to guide future nutrient sensitive water 
management strategies.   
1.3 Organization 
 Chapter 2, “Nitrogen and Carbon Dynamics beneath Onsite Wastewater Treatment 
Systems in Pitt County North Carolina,” presents hydrologic, physical, and chemical data used to 
determine the flow path of TDN and DOC in the four OWTS in Pitt County, NC.  In addition, 
treatment efficiencies and potential loads of TDN and DOC from the septic tank to the 
groundwater beneath the drainfield trenches is discussed and the specific site conditions that 
have the most influence on TDN and DOC concentrations and treatment efficiencies.   
 Chapter 3, “Detection of Pharmaceuticals and Other Personal Care Products in 
Groundwater Beneath and Adjacent to Onsite Wastewater Treatment Systems in Eastern, NC,” 
presents detection and quantification data on specific PPCPs detected in the groundwater beneath 
and adjacent to OWTS in the study area.  Specific site conditions that may be influencing PPCP 
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detection and concentrations are discussed.  The collection of field data on how effective these 
systems are in treating PPCPs could potentially influence septic system policies and guidelines 
especially in terms of vertical and horizontal separation distance requirements.   
 Chapter 4 provides a synthesis of important findings from the study and discusses some 
general conclusions based on the data presented.  Potential consequences of both PPCP 
contamination and nutrient inputs from OWTS are discussed in terms of both ground and surface 
water management strategies.   
 
 
!!
 
CHAPTER 2:  Nitrogen and Carbon Dynamics Beneath Onsite Wastewater Treatment 
Systems in Pitt County North Carolina 
!
2.1 Abstract 
 In the United States, nutrient loading into lakes, streams, and estuaries is a problem that 
has been recognized for decades and is of special concern for many North Carolina (NC) 
watersheds.  Onsite wastewater treatment systems (OWTS) are a potentially significant non-
point source of nutrients, such as nitrogen and carbon, and are extensively used in coastal NC.   
The goal of the present study was to determine the fate and transport of total dissolved nitrogen 
(TDN) and dissolved organic carbon (DOC) from OWTS in the Tar-Pamlico river basin. Four 
residential OWTS in Greenville, NC were sampled to determine the flow path of TDN and DOC 
using hydrologic, physical, and chemical data.  In addition, the treatment efficiencies of TDN 
and DOC from the septic tank to the groundwater beneath the drainfield trenches were 
calculated.  The specific site conditions influencing TDN and DOC concentrations and treatment 
efficiencies were analyzed including: soil type, distances from the OWTS, wastewater loading 
rates, and various chemical properties such as pH, dissolved oxygen (DO), temperature, and 
electrical conductivity. Treatment efficiencies from the tank to the drainfield ranged from 32-
95% for TDN and 45-82% for DOC.  There was a significant positive correlation between nitrate 
concentration and separation distance from trench bottom to water table and a significant 
negative correlation between DOC concentration and separation distance.  Findings from this 
study have implications for OWTS regulations in NC and could potentially be used to guide 
future nutrient sensitive water management strategies.   
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2.2 Introduction 
 Degradation of coastal environments due to the influence of pollutants is a major concern 
worldwide (Patel, Pedersen, & Kotelnikova, 2010).  In the US especially, nutrient loading into 
lakes, streams, and estuaries is a problem that has been recognized for decades.  Excess nutrient 
loading into surface waters is a concern for many North Carolina (NC) watersheds (North 
Carolina Division of Water Quality (NCDWQ), 2013; Fear et al., 2004).  As nutrients build up in 
the water they increase the growth of algae and plants.   Eutrophic conditions may develop when 
the biomass decomposes and dissolved oxygen is depleted. The Tar Pamlico river basin is the 
fourth largest river basin in NC and has been classified as Nutrient Sensitive Waters (NSW) 
since 1989 (NCDWQ, 2010) (Figure 2.1).  In order to address nutrient loading concerns the 
NCDWQ implemented the Nutrient Sensitive Water Strategy in the Tar-Pamlico Basin.  The 
strategy targets point and non-point nutrient sources such as wastewater treatment plant 
dischargers, municipal storm water programs, and agriculture (NCDWQ, 2010).  In addition to 
run-off, a common transport method of pollution is percolation through the soil into the shallow 
surficial aquifer.  Pollutants then move with groundwater and can eventually enter surface water 
through stream recharge.  Groundwater discharge has been shown to have an effect on surface 
water quality in Eastern NC watersheds (Harden & Spruill, 2008).  An estimated 50% of stream 
flow in the coastal plains of NC comes from groundwater (Spruill & Galeone, 2000) so 
groundwater contamination could have serious implications for surface water quality in the 
sensitive coastal ecosystem.   
  A potentially significant non-point source of nutrients that has been recognized but not 
addressed is that of OWTS (Reay, 2004).  Onsite wastewater treatment systems are common in 
rural areas and extensively used in coastal NC.  An estimated 60% of coastal NC residents utilize 
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OWTS (Humphrey, O’Driscoll, & Zarate, 2010).   A typical OWTS consists of three parts 
including a holding tank (septic tank), drainfield trenches, and the soil beneath the drainfield.  
The tank is responsible for primary, anaerobic wastewater treatment and allows for the settling of 
solids so that primarily liquid effluent leaves the tank and passes into the drainfield trenches.  
The liquid effluent passes through the drainfield trenches into the underlying soil where it 
undergoes aerobic treatment.  Domestic wastewater typically has elevated concentrations of 
nitrogen, phosphorous, microbial organisms, organic carbon, heavy metals, and dissolved salts 
(Humphrey & O’Driscoll, 2011).  
2.2.1 Nitrogen Dynamics in OWTS 
 Nitrogen contributions to groundwater and surface water have been documented in sandy, 
coastal environments (Robertson, Cherry, & Sudicky, 1991; Ptacek, 1998; Corbett, Dillon, 
Burnett, & Schaefer, 2002; Reay, 2004; Pradhan, Hoover, Austin, & Devine, 2007; Humphrey et 
al., 2010; Humphrey, O’Driscoll, & Armstrong, 2012). Within the septic tank nitrogen typically 
takes the form of organic nitrogen or ammonium (NH4+) (Cardona, 2006).  Within the vadose 
zone beneath the drainfield trenches, ammonium typically undergoes nitrification to nitrate 
nitrogen (NO3-) facilitated by nitrifying bacteria (Cardona, 2006) (Figure 2.2).  Nitrate, an anion, 
has a high potential to leach through soil and contaminate groundwater.  Ideally, nitrate 
undergoes denitrification and is converted to N2 gas before entering the groundwater.  
Denitrification requires a source of NO3-, anoxic conditions, a carbon source, and denitrifying 
microorganisms. Levels of NO3- in excess of 10 mg L-1 (the recommended US EPA standard) 
have been shown to cause methemoglobinemia, or blue baby syndrome, in infants (US EPA, 
2002).   In addition, nitrogen loading into surface waters has been implicated in massive fish kills 
in coastal NC due to eutrophication and low dissolved oxygen conditions (Fear et al, 2004; 
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Humphrey et al., 2010).   Some studies have shown that nitrogen concentrations of 1mg L-1 or 
less can cause eutrophic conditions (Osmond et al., 2003). Typical TDN concentrations of raw 
wastewater and septic tank effluent ranges from 44 - 189 mg L-1 and 26 - 124 mg L-1 respectively 
(Lowe et al., 2007).  Therefore, determining the fate and transport of OWTS derived TDN in 
nutrient sensitive watersheds is important for nutrient management strategies.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Location of Tar-Pamlico river basin and sub-basins in North Carolina (NCDWQ, 
2010). 
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Figure 2.2. Typical carbon and nitrogen biochemical transformation processes in an onsite wastewater treatment system.  
(Modified from  MacQuarrie & Sudicky, 2001 and Cardona, 2006). !
Oxidation of NH4+ (Nitrification): 
 NH4+ + 2O2 !  NO3- + H2O + 2H+ 
 
Reduction of NO3- (Denitrification): 
 5CH2O + 4NO3- + 4H+ !  2N2 + 5CO2 + 7H2O 
 
Oxidation of Organic Carbon:  
 CH2O + O2 !  CO2 + H2O 
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2.2.2 Carbon Dynamics in Onsite Wastewater Treatment Systems 
 Carbon is another nutrient of concern in OWTS.  Wastewater effluent contains an 
abundance of labile organic carbon, which may be considered a good electron source for 
stimulating denitrification.  However, studies have shown that carbon is typically oxidized in the 
unsaturated zone, and converted to carbon dioxide (Aravena & Robertson, 1998) (Figure 2.2).   
Therefore, the denitrification potential of OWTS installed in soils with thick unsaturated zones 
may be reduced because of insufficient carbon.  Also, some organic carbon may be retained in 
the formation of a biological mat beneath a septic system drainfield (Wilhelm, Schiff, & 
Robertson, 1994).  If too much organic carbon builds up it may potentially clog the system and 
result in wastewater pooling to the surface. Most of the carbon input from OWTS is in the form 
of DOC that can pass through a 0.45 µm pore size filter.  If OWTS trenches are installed too 
close to the water table, groundwater may become enriched in DOC.  Dissolved organic carbon 
in water can cause color and odor changes and may serve as a precursor of trihalomethane 
formation in chlorinated waters (Chow et al., 2003). In NC, approximately 25% of residences 
rely on private groundwater wells for their water supply, and 50% utilize OWTS (Pradhan et al., 
2007).  Close proximity of OWTS to private wells may contribute to higher DOC concentrations 
in the water supply.  On the other hand, DOC has been thought to play a role in binding other 
pollutants and heavy metals and potentially decreasing their toxicities in the water system (Ma, 
Allen, & Yin, 2001; Katsoyiannis & Samara, 2007).  Average concentrations of DOC in septic 
tank effluent have been found to range from 22 - 140 mg L-1 (Water Environment Research 
Foundation, 2001). Concentrations of DOC are currently not regulated in ground or surface 
waters but may influence other parameters such as DO concentrations, which are used in use-
support evaluations. 
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2.2.3 Onsite Wastewater Treatment System Functioning 
 Most of the physical, chemical, and biological treatment of wastewater occurs in the soil 
beneath the OWTS.  However, the efficiency of wastewater treatment in these systems depends 
on a variety of factors including system installation and maintenance, properties of the 
wastewater, as well as soil type and separation distance from the trench bottom to the water table 
(Reay, 2004).  If systems are not properly maintained, and fail, they have the potential to 
discharge pollutants and nutrients directly to surface water without any treatment (Humphrey et 
al., 2012). A study conducted in coastal NC found that repairing a failing OWTS, with 
geochemical and loading rate changes, significantly improved groundwater microbial quality 
(Conn et al., 2011).   Another study in Ontario, Canada found that incomplete oxidation of NH3 
and DOC in wastewater effluent could be due to high loading rates of wastewater, highly 
permeable sandy soil, and a shallow water table, resulting in a short residence time of wastewater 
in the unsaturated zone (Ptacek, 1998).  Other studies have found that soil type as well as 
separation distance strongly influences the dissolved inorganic nitrogen and other effluent 
concentration in groundwater adjacent to OWTS (Humphrey, O’Driscoll, & Zarate, 2010; 
Karathanasis et al., 2006).  North Carolina regulations require 30 cm or more of vertical 
separation distance from the trench bottom to the seasonal high water table for systems installed 
in course loam or finer soil types, and at least 45 cm of separation distance for sandy soils (The 
North Carolina Division of Environmental Health, On-site Wastewater Section, 1999).  In 
addition NC regulations require at least a 15 - 30 m setback distance to surface waters and 
drinking water wells (15A NCAC 18A.1950d).   
 The goal of the present study was to determine the fate and transport of TDN and DOC 
from four OWTS in the Tar-Pamlico basin.  The specific study objectives were to 1) determine 
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the flow path of TDN and DOC using hydrologic, physical, and chemical data, 2) determine the 
treatment efficiencies of TDN and DOC from the septic tank to the groundwater beneath the 
drainfield trenches, and 3) to determine the specific site conditions that have the most influence 
on TDN and DOC concentrations and treatment efficiencies.  Findings from this study have 
implications for OWTS regulations in NC and could potentially be used to guide future nutrient 
sensitive water management strategies.   
2.3 Materials and Methods 
2.3.1 Site Selection 
 Four onsite wastewater treatment systems (OWTS) were studied in the Eastern Pines area 
of Greenville, NC (Figure 2.3).  Greenville, a city in the Coastal Plains region of North Carolina 
(NC), in Pitt County, is the tenth largest city in NC with a population of about 86,017 people 
(U.S. Census Bureau, 2011). Greenville is part of the Tar-Pamlico River basin and Tar River 
sub-basin, which drains into the Pamlico Sound. These sites were chosen because of the fact that 
they drain to the nutrient sensitive Tar-Pamlico River, and domestic sewage in Eastern Pines is 
disposed of almost entirely by conventional OWTS.  Land use in the Eastern Pines watershed is 
mostly residential with some forested and agricultural areas.  The entire watershed has <15% 
active agricultural use, and the contributing area upstream of the four OWTS study sites is 
estimated to have <5% agriculture.  Each of the four sites is a single-family, residential home, 
which utilizes a conventional gravity-fed OWTS.  The county GIS system was used to evaluate 
the mapped soil series and ages of OWTS in the area.  Sites were chosen with the goal of 
representing a variety of soil types and system ages.  System age ranges from the 1970’s to the 
late 1990’s (Table 2.1).   Piezometers were installed within the shallow, unconfined surficial 
aquifer that is most likely to contribute to stream recharge and impact surface water quality.  
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Deeper aquifer systems, such as those potentially used for drinking water sources, were not 
included in this study, and no private drinking water wells exist in the area.   
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Table 2.1. Site and system characteristics of the four onsite wastewater treatment systems 
used in this study. 
Site Characterisitics EP100 EP200 EP300 EP400
number of occupants 4 2.5 2 4
average monthly water use (L)† 19,330 15,540 10,520 27,760
average depth to water table (m) 0.84 0.85 1.06 2.54
System Characteristics
year installed 1998 (2004 repair) 1977 (2003 repair) 1989 1999
tank size (L) 3785 3785 3785 3785
drainfield area (m2) 156.13 74.35 111.52 111.52
trench bottom depth (m) 0.85 0.85 0.55 0.64
designed loading rate (L/m2/day)‡ 8.74 18.35 12.23 16.31
calculated loading rate (L/m2/day) 4.13 6.97 3.14 8.30
‡ Based on a system designed to handle 455 L of water/bedroom/day.
average separation distance from 
trench bottom to water table (m) 0.00 0.08 0.65 1.83
† Monthly water use is determined using an average of the  winter months (November-March) to 
account for overestimation due to irrigation during summer months. 
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2.3.2 Piezometer Installation, Soil Analysis, and Groundwater Flow Direction 
 Groundwater monitoring piezometers (3.18 - 5.08 cm well diameter; 0.91 m screen 
interval; PVC pipe) were installed using hand augers at each residential study site.  Two of the 
sites (EP100, EP200) had a very intensive piezometer network, in which piezometers were 
installed up-gradient, between the drainfield trenches, as well as down-gradient of the system.  
The less intensive piezometer network installed at sites EP300 and EP400 only included 
piezometers up-gradient and between the drainfield trenches.  The depth to each trench bottom 
was determined using a probe rod.  Table 2.2 shows the number of piezometers installed within 
each location at each site, as well as the total number of piezometers installed. Sites EP100 and 
EP200 are located on opposite sides of a stream that was included in the study. Piezometers 
adjacent to the drainfield trenches and stream at the intensive sites were nested at different 
depths (1.23 - 4.15 m), in order to determine the vertical flow of groundwater based on the 
hydraulic head gradients in the nested piezometers, as well as the potential sources of near-
stream carbon (Figure 2.4).  Nested piezometers included: 107 - 110, 207 - 210, and 212.  A 
Trimble GPS was used to record the coordinates of each piezometer and ArcGIS (ESRI Inc.) was 
used to create GIS maps of each site (Appendix I).  Figure 2.5 illustrates a typical layout of 
groundwater monitoring piezometers for one of the four study sites, EP100.  The remaining site 
maps can be found in Appendix I.   
 During installation, a soil boring was taken at each piezometer location, and a detailed 
soil profile documented.  Characteristics recorded at each boring included soil texture, 
consistency and color.  Soil samples were sent to the NC State University soil physical properties 
lab for particle size analysis.   The NC Department of Agriculture and Consumer Services 
performed fertility analysis including soil percent humic matter, effective cation exchange 
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capacity, percentage base saturation, and pH for soil samples collected during the piezometer 
installations (Appendix III). The median hydraulic conductivity at each site was determined 
using a slug test (Domenico & Schwartz, 1998) in which a known volume of water was 
displaced from each piezometer and the time it took for the piezometer to re-charge was 
recorded.  The top of each piezometer was surveyed with a laser level to determine the relative 
elevation (Appendix II).  The relative elevations and depth to water table measurements were 
used to determine the elevation of water at each piezometer (Appendix II).  The water table 
elevation and GIS maps (with piezometer coordinates) were used to determine the direction of 
groundwater flow using Equation 2.1:  
(EH – EL) = (EH – EI)   
                                                                 HL               x 
 
Where: 
EH = elevation of water at highest well (water table is highest) 
EL = elevation of water at lowest well (water table is lowest) 
HL = distance between highest and lowest well 
EI = elevation of water at intermediate well 
x = distance from highest well to lowest well where water elevation is the same as the 
intermediate well (contour line)  
 
Groundwater flow direction was perpendicular to the contour line.  
 
 
  
Table 2.2. Number of piezometers installed at each onsite 
wastewater treatment system study site. !!Site ID Up-gradient Drainfield Down-gradient Total
EP100 2 4 8 14
EP200 1 3 14 18
EP300 1 5 6 12
EP400 1 2 0 3
! ! !
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Soil Surface 
Drainfield Trench 
Water Table 
Shallow Piezometer 
Deep Piezometer 
0.90 m screened interval 
Figure 2.4. General diagram of the nested piezometer layout between drainfield trenches.  
The average depth of shallow and deep piezometers was 1.40 and 2.12 meters 
respectively, while the average depth to the water table varied between sites.   !
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2.3.3 Environmental Readings, Sample Collection, and Analysis 
 Groundwater, septic tank, and stream environmental readings and samples were collected 
from each site in January, May, August, and November 2012.  January and May 2012 were more 
intensive sampling dates in which all piezometers at each site were sampled and physical and 
chemical parameters determined.  Subsequent sampling and environmental reading events in 
August and November 2012 only included a sub-set of piezometers most influenced by the 
wastewater plume (Appendix I). At each of the four sites a sample was collected from the tank, 
piezometers up-gradient of the system, beneath the drain field trenches, down-gradient of the 
system, and within an adjacent stream. At each piezometer a depth to water table reading was 
measured using a Solinst 107 TLC meter.  Piezometers were then purged and allowed to 
recharge.  An YSI 556-multimeter was used in the field to measure temperature, dissolved 
oxygen, pH, and electrical conductivity of groundwater, septic effluent, and stream water.  
Samples were collected using clean, disposable, plastic, hand-bailers and stored in Nalgene 
bottles. Samples were stored on ice within a cooler and immediately filtered upon returning to 
the lab using pre-ashed (450oC for 4 hours in a muffle furnace) filters.  After filtration, samples 
were immediately frozen at -16 o C or acidified with 2N hydrochloric acid to remove the 
inorganic carbon, and immediately analyzed for TDN/DOC.  
 Sample analysis was conducted in the Central Environmental Laboratory (CEL) at East 
Carolina University (ECU), and in an Organic Geochemistry laboratory at ECU.  Samples were 
analyzed for TDN and nitrogen subspecies (ammonia and nitrate plus nitrite) at the CEL in 
January and May 2012.  Ammonia was quantified using the phenol-hypochlorite method 
(Solórzano, 1969) and SmartChem 200 method 210-201B (Westco Scientific Instruments Inc.) in 
which indophenol-blue is produced by the reaction of ammonia with phenol-hypochlorite and 
! ! !
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quantified via spectrophotometer.  Kjeldahl nitrogen was analyzed using SmartChem method 
390-200E (Westco Scientific Instruments Inc.) in which sulfuric acid was used to degrade the 
sample and liberate reduced nitrogen as ammonium sulfate.  The ammonium sulfate was then 
converted to ammonia using sodium hydroxide, and the ammonia quantified via quantification of 
indophenol-blue (Standard Methods 4500-Norg).  Nitrate/nitrite were quantified using the 
SmartChem 200 method 375-100E-1 (Westco Scientific Instruments Inc.) in which the sample 
was passed through an open tubular copperized cadmium redactor column and nitrate was 
reduced to nitrite.  A colored azo dye was produced and measured colorimetrically to quantify 
the total oxidized nitrogen present. Total dissolved nitrogen concentration was determined by 
combining the individual nitrogen species, nitrate and nitrite, with the total Kjeldahl nitrogen 
concentration. A sub-set of samples was analyzed for TDN and DOC in the organic 
geochemistry lab in January, May, August, and November 2012. Total dissolved nitrogen and 
DOC were analyzed using a Shimadzu TOC-VCPN/TNM-1 using the combustion catalytic 
oxidation method and chemiluminescence detector.  Standards of carbon and nitrogen were used 
to make a monthly calibration curve.  Carbon standards were prepared using Potassium 
Hydrogen Phthalate (Nacalai Tesque Inc., Kyoto, Japan) and nitrogen standards were prepared 
using Potassium Nitrate (Wako Ltd.).  Minitab software (Minitab Inc.) was used to perform a 
Mann-Whitney test comparing the TDN data from the two labs.  Correlations between site 
conditions and TDN and DOC concentrations were performed using the non-parametric 
Spearman’s rank coefficient in JMP software (version 10, SAS Institute Inc., Cary, NC).     
2.3.4 Onsite Wastewater Treatment System Characteristics and Treatment Efficiencies 
 The average monthly water use at each site was determined by accessing the resident’s 
water records. Only the winter months were used in order to control for irrigation during the 
! ! !
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summer months.  The OWTS characteristics were obtained from the operation permit issued by 
the Pitt County Environmental Health Department in Greenville, NC.  The designed hydraulic 
loading rate for each site was obtained from the system permit.  The actual hydraulic loading rate 
was calculated by dividing the average monthly water use by 30 to obtain an estimated daily 
water usage in L/day.  The estimated daily water usage (L/day) was divided by the drainfield 
area (m2) to obtain the actual hydraulic loading rate (L/m2/day) (Table 2.1).   
 The GIS site maps were used to produce base maps with piezometer locations in Surfer 8 
software (Golden Software Inc.).  Water level contours, electrical conductivity measurements, 
and TDN concentrations were plotted in surfer and used to track the flow direction of the 
wastewater plume.  Treatment efficiencies for TDN and DOC were calculated for each site from 
the tank to the drainfield, and from the drainfield to the creek, using Equation 2.2:  
 
Treatment Efficiency (%) = (Concentration in tank – Highest piezometer concentration) * 100 
                                                                        Concentration in tank 
 
When calculating the treatment efficiency, the drainfield or down-gradient piezometer with the 
highest concentration was used to provide a conservative estimate of treatment efficiency for 
each month.  In addition, for a nested piezometer, the depth at which the highest concentration 
found each month was used.  The treatment efficiencies across all four sampling dates were then 
averaged to determine the mean treatment efficiency of each of the four sites. 
 Estimated loading rates were calculated for TDN and DOC from the tank to the soil 
beneath the drainfield trenches, and from the tank to the groundwater underlying the system.  In 
order to determine the average loading from the tank to the soil beneath the drainfield trenches, 
the average concentration of TDN and DOC detected in the tank at each site, over the four 
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sampling dates, was used.  This concentration in milligrams per liter was multiplied by the 
average daily water use to obtain a load in milligrams per day.  This was then converted to 
kilograms per year and divided by the number of people in each household, resulting in a loading 
rate in kilograms per person per year.  In order to determine the average loading rate from the 
tank to the groundwater underlying the OWTS, Darcy’s Law was used, as shown in Equation 
2.3:  
Q = KA (dh/dl) 
where “K” is the median hydraulic conductivity in meters per day, “A” is the plume area in 
square meters, “dh/dl” is the hydraulic gradient in meters per meter, and “Q” is the calculated 
discharge in cubic meters per day.  The discharge value was converted to liters per day and 
multiplied by the average concentration of TDN or DOC detected within the drainfield, and 
divided by the number of people in each household, to determine a loading rate in kilograms per 
person per year.  
 The potential groundwater velocity at each site was calculated based on a range of 
potential effective porosities using equation 2.4:  
V = K/ne (dh/dl) 
Where “V” is the velocity in meters per day, “ne” is the effective porosity in cubic meters per 
cubic meters, and “dh/dl” is the hydraulic gradient in meters per meter.  Effective porosity of a 
soil is the volume of water, which will drain from the pore spaces of rock or sediment under the 
influence of gravity, and is related to the grain size.  For example, clay has a much smaller grain 
size than sand particles and correspondingly more surface area and pore spaces.  However, the 
pore spaces are not well connected compared to sand particles and therefore they are more likely 
to retain water.  Therefore, clay would be expected to have a much smaller effective porosity 
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than a sandy material (Heath, 1983). The estimated velocity at each site was used to determine a 
potential residence time of groundwater and recharge time for nutrients from groundwater to the 
stream.   
2.4 Results 
2.4.1 Site Characteristics 
 The average depth to the water table at each site varied from 0.84 to 2.54 m with sites 
EP100 and EP200 having the lowest depth to water table (Table 2.1).  In addition, sites EP100 
and EP200 had on average very little separation distance from the trench bottom to the water 
table, 0.00 and 0.08 m respectively, compared to 0.65 and 1.83 m at sites EP300 and EP400 
respectively (Table 2.1).  While all sites fall within their designed capacity for daily wastewater 
loading rate (Table 2.1), sites EP100 and EP200 did not maintain the intended 30+ cm separation 
distance from the trench bottom to the water table.  Another distinguishing factor between the 
four sites was the soil type.  Sites EP100, EP200, and EP400 all have relatively the same particle 
size distribution and are considered sandy clay loam textural class (Table 2.3).  Site EP300 has a 
higher percentage of clay (35%) than the other three sites (about 25%) and is considered sandy 
clay.  In addition, the median hydraulic conductivity is higher at site EP100 than the other three 
sites (Table 2.3).   An example soil profile is shown for a drainfield piezometer from sites EP100 
and EP300, as well as a down-gradient piezometer at site EP100 for comparison (Figure 2.6, 2.7, 
and 2.8).  The remaining soil profiles can be found in Appendix III.  
 The groundwater flow for each site was in the direction of decreasing potentiometric 
surface, down-gradient of the onsite wastewater system, towards the adjacent creek. Based on the 
results of the three-point problem calculations the direction of groundwater flow at site EP100 is 
northeast, EP200 slightly southeast, and EP300 southwest (Figure 2.5, Appendix I).  Site EP200 
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shows some evidence of groundwater mounding beneath the drainfield.  Site EP400 is unique in 
that the groundwater flow direction seems to change seasonally.  In January the groundwater 
flow was towards the north and in May the direction was mostly towards the west and slightly 
south (Appendix I). The results of the intensive sampling dates in January and May 2012 provide 
a good indication of the direction of groundwater flow and the path of the wastewater plume and 
are consistent with the results of the three-point problems.  
 Hydrologic  (potentiometric surface), physical (electrical conductivity), and chemical 
(TDN) data were plotted for each of the intensive piezometer sites (Figures 2.9, 2.10, & 2.11). 
The electrical conductivity data indicate the direction of flow for the wastewater plume (Figure 
2.9).  In addition, the SmartChem derived TDN concentrations closely align with the electrical 
conductivity data (Figure 2.10).   The piezometers most influenced by wastewater effluent at site 
EP100 were 103, 110, and 108.  At site EP200 those piezometers most influenced were 202, 203, 
209, and 212.  At site EP300 the piezometers most influenced were beneath the drainfield 
trenches at 301, 302, and 303.  At site EP400 piezometer 402 was most influenced.  Based on the 
results of the January and May 2012 sampling events, subsequent events in August and 
November only included analysis of the sub-set of piezometers most strongly influenced by the 
wastewater plume (Appendix I).   
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Table 2.3. Subsoil characteristics at each of the four onsite wastewater treatment 
systems used in this study. !
EP100 69/6/25 sandy clay loam 0.41 Lynchburg$ & Goldsboro¢
EP200 65/10/25 sandy clay loam 0.18 Goldsboro
EP300 50/15/35 sandy clay 0.13 Ocilla£
EP400 66/8/26 sandy clay loam 0.26 Ocilla
Subsoil Characteristics
$Lynchburg Fine-Loamy, Siliceous, Semiactive, Thermic Aeric Paleaquults
¢Goldsboro Fine-Loamy, Siliceous, Subactive, Thermic Aquic Paleudults
£Ocilla Loamy, Siliceous, Semiactive, Thermic Aquic Arenic Paleudults
uBibb Coarse-loamy, Siliceous, Active, Acid, Thermic Typic Fluvaquents
§ Data from NCSU Soil Physical Properties Lab using the Hydrometer method.
¶ Determined using a slug test.
Site ID Sand/silt/clay (%)§ Textural Class
Median 
Hydraulic 
Conductivity 
(m/day)¶
USDA Soil Series 
beneath the Drainfield!
!The down-gradient soil at sites EP100 and EP200 includes Bibbu soil series
! ! !
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Figure 2.6. Soil profile description for drainfield piezometer EP103. !
EP103: Lynchburg Series 
0-38 sandy loam 10YR3/2 0.97 1.19 4.9 76 1.2 5.6
38-43 sandy clay loam 10YR5/6 4.09 0.99 6.6 59 2.7 5.4
43-64 silt loam 10YR3/1 3.37 1.15 7.6 68 2.4 5.3
64-69 sandy loam 10YR6/1 0.18 1.08 5.0 56 2.2 5.2
69-119 sandy loam (more organic matter) 7.5YR2.5/1
119-135 sandy loam (hit the water table) 10YR4/3
135-168+ sandy clay 10YR5/8
Base 
Saturation 
(%)
Exchangeable 
Acidity pH
Depth 
(cm.) Soil Texture Matrix
Humic 
Matter 
(%)
Weight/Volume 
(g/cm3)
Cation 
Exchange 
Capacity
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Figure 2.7.  Soil profile description for drainfield piezometer EP302. 
EP302: Ocilla Series 
0-10 sandy loam 2.5Y4/2 1.14 1.17 5.0 72 1.4 5.4
10-56 clay 2.5Y4/3 0.13 1.14 7.3 75 1.8 5.0
56-86 clay 2.5Y4/3  0.13 1.12 5.6 59 2.3 5.0
86-117 sandy clay 2.5Y5/4 0.09 1.15 4.6 61 1.8 5.2
117-163 sandy clay loam 2.5Y6/1 0.04 1.17 3.4 53 1.6 5.2
Base 
Saturation 
(%)
Exchangeable 
Acidity pH
Depth 
(cm.) Soil Texture Matrix
Humic 
Matter 
(%)
Weight/Volume 
(g/cm3)
Cation 
Exchange 
Capacity
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 EP108: Bibb Series 
Figure 2.8. Soil profile description for down-gradient piezometer EP108. 
0-15 sandy loam 10YR5/1 0.71 1.08 8.8 80 1.8 5.8
15-46 sandy loam 10YR6/2 0.76 1.27 3.8 79 0.8 6.1
46-81 silty clay loam 2.5Y2.5/1 3.87 1.01 7.2 51 3.5 5.0
81-140 silty clay loam 2.5Y2.5/1 3.77 1.01 8.0 59 3.3 5.3
Base 
Saturation 
(%)
Exchangeable 
Acidity pH
Depth 
(cm.) Soil Texture Matrix
Humic 
Matter 
(%)
Weight/Volume 
(g/cm3)
Cation 
Exchange 
Capacity
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Figure 2.9A. Potentiometric surface at site EP100 in January and May 2012. !
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Figure 2.9B. Potentiometric surface at site EP200 in January and May 2012. !
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Figure 2.9C. Potentiometric surface at site EP300 in January and May 2012. !
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Figure 2.10. Average electrical conductivity at sites EP100, EP200, and EP300 in January and 
May 2012. !
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Figure 2.11. Average total dissolved nitrogen at sites EP100, EP200, and EP300 in January and 
May 2012.  !
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2.4.2 Environmental Parameters, Total Dissolved Nitrogen, and Dissolved Organic Carbon  
        Concentrations 
 The environmental parameters measured at each piezometer during each sampling event 
were: depth to water table, temperature, electrical conductivity, pH, and dissolved oxygen.  The 
average values from each site, as well as the compiled data from all four sites are shown in Table 
2.4.  Individual piezometer values can be found in Appendix IV.  Typically, the average 
temperature was highest in the tank (21.90 oC) and a few degrees lower in the groundwater 
beneath the drainfield (19.14 oC), up-gradient (18.94 oC), and down-gradient of the OWTS 
(17.70 oC), and lowest in the stream (12.60 oC).  The average electrical conductivity followed 
this same trend of being elevated in the tank (732 µs cm-1) then gradually decreasing from the 
drainfield (331 µs cm-1), down-gradient (290 µs cm-1), up-gradient (159 µs cm-1), and within the 
stream (156 µs cm-1) (Table 2.4).  The pH at all the sites was variable but wastewater generally 
had a close to neutral pH which is similar to results reported in another study (Lowe et al., 2007).  
The average pH in the tank was 6.3, 6.1 in the drainfield, 5.9 down-gradient, and 6.9 within the 
stream.  The DO was always depressed in the tank with an average of 1.15 mg L-1.  The average 
DO then increased slightly within the drainfield (2.52 mg L-1), down-gradient (2.12 mg L-1), up-
gradient (2.70 mg L-1), and was highest within the stream (7.27 mg L-1) (Table 2.4).  
 For the January and May 2012 sampling events the SmatChem derived TDN was 
compared to that of the Shimadzu derived TDN.  A non-parametric Mann-Whitney test 
comparing the median nitrogen values from both the January and May data sets indicated that 
there was not a significant difference between the distributions of the two data sets at the 95% 
confidence interval (Table 2.5).  For this reason, the SmartChem derived TDN data was used for 
January and May to determine the effluent path, and the Shimadzu derived data was used to 
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further analyze the specific sub-set of piezometers for TDN and DOC in August and November 
2012.   
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Table 2.4. Average values and standard deviations for each environmental parameter, TDN, and DOC, measured at each site, as 
well as all four onsite wastewater treatment systems combined (values only include subset of piezometers most influenced by 
the wastewater plume, and TDN values are those derived from the Shimadzu method). !
Up-gradient 1.43 ± 0.89 18.94 ± 4.02 159 ± 139 6.30 ± 1.19 2.70 ± 1.24 2.66 ± 1.98 7.73 ± 1.76
Tank 21.90 ± 5.35 732 ± 189 6.26 ± 0.45 1.15 ± 0.80 42.08 ± 11.08 54.21 ± 15.32
Drainfield 1.01 ± 0.75 19.14 ± 4.84 331 ± 254 6.11 ± 0.49 2.52 ± 1.53 12.87 ± 9.55 18.64 ± 11.42
Down-gradient 0.87 ± 0.29 17.70 ± 4.43 290 ± 210 5.85 ± 0.34 2.12 ± 0.83 9.07 ± 0.72 26.68 ± 13.14
Stream 12.60 ± 7.06 156 ± 17 6.86 ± 1.16 7.27 ± 3.29 1.14 ± 0.02 9.63 ± 0.05
Up-gradient 1.00 ± 0.31 19.10 ± 5.17 159 ± 54 5.73 ± 1.75 2.48 ± 1.32 4.14 ± 1.11 8.17 ± 8.98
Tank 23.77 ± 5.13 848 ± 133 6.49 ± 0.24 0.64 ± 0.44 57.47 ± 8.96 67.46 ± 17.45
Drainfield 0.54 ± 0.23 19.66 ± 5.08 304 ± 154 6.02 ± 0.58 2.37 ± 2.07 10.91 ± 5.42 26.83 ± 15.00
Down-gradient 1.23 ± 0.08  18.36 ± 3.78 258 ± 137 5.88 ± 0.41 2.00 ± 0.73 9.57 ± 3.89 35.97 ± 28.97
Stream  12.96 ± 8.60 158 ± 20 7.06 ± 1.33 7.64 ± 3.93 1.13 ± 0.39 9.59 ± 2.15
Up-gradient 1.42 ± 0.43 18.99 ± 4.38 270 ± 237 6.43 ± 0.40 2.60 ± 1.63 4.58 ± 1.73 7.73 ± 3.28
Tank 20.07 ± 5.97 821 ± 299 6.14 ± 0.40 1.01 ± 0.37 42.50 ± 19.24 67.45 ± 32.92
Drainfield 0.85 ± 0.40 18.74 ± 5.74 509 ± 353 6.03 ± 0.38 2.42 ± 1.29 24.60 ± 15.61 29.64 ± 11.73
Down-gradient 0.69 ± 0.15 17.37 ± 4.82 306 ± 234 5.84 ± 0.33 2.18 ± 0.89 8.56 ± 6.08 17.39 ± 16.53
Stream 12.63 ± 8.65 158 ± 20 6.96 ± 1.40 7.31 ± 4.03 1.16 ± 0.38 9.66 ± 2.02
Up-gradient 0.77 ± 0.16 20.01 ± 4.96 57 ± 9 7.03 ± 1.30 2.56 ± 0.92 0.78 ± 0.50 9.62 ± 8.26
Tank 20.26 ± 5.88 677 ± 84 6.01 ± 0.63 1.63 ± 1.19 35.96 ± 8.01 39.89 ± 8.51
Drainfield 1.29 ± 0.63 18.14 ± 4.32 129 ± 69 6.20 ± 0.40 2.55 ± 1.10 1.48 ± 0.89 6.00 ± 3.49
Up-gradient 2.91 ± 0.79 17.24 ± 0.91 149 ± 16 5.91 ± 0.40 3.33 ± 1.45 1.13 ± 0.56 5.38 ± 1.90
Tank 24.01 ± 5.30 584 ± 56 6.38 ± 0.47 0.95 ± 0.37 32.40 ± 3.78 42.03 ± 7.48
Drainfield 2.27 ± 0.91 19.74 ± 4.43 306 ± 224 6.41 ± 0.54 3.07 ± 1.14 14.51 ± 15.99 12.07 ± 5.49
Dissolved 
Oxygen (mg/L)
EP100 Depth to Water Table (m) Temp. (
oC) Electrical Conductivity (!s/cm) pH
Dissolved 
Oxygen (mg/L)
All Four Sites Combined Depth to Water Table (m) Temp. (
oC) Electrical Conductivity (!s/cm) pH
Dissolved 
Oxygen (mg/L)
EP300 Depth to Water Table (m) Temp. (
oC) Electrical Conductivity (!s/cm) pH
Dissolved 
Oxygen (mg/L)
EP200 Depth to Water Table (m) Temp. (
oC) Electrical Conductivity (!s/cm) pH
Dissolved 
Oxygen (mg/L)EP400
Depth to Water 
Table (m) Temp. (
oC) Electrical Conductivity (!s/cm) pH
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Table 2.5. Results of the Mann-Whitney test comparing nitrogen data from the 
SmartChem and Shimadzu methods in January and May 2012. 
    Median 
Test Statistic 
"W" p-value 
Jan-12 SmartChem TDN (mg/L) 7.82 352 0.5583 
Shimadzu TDN (mg/L) 7.85 
May-12 SmartChem TDN (mg/L) 14.09 352 0.5583 
Shimadzu TDN (mg/L) 14.68 !
  
 
 The mean TDN for all four OWTS compiled across all four sampling events was highest 
in the tank (42.08 mg L-1) followed by the groundwater beneath the drainfield (12.87 mg L-1), 
down-gradient of the system (9.07 mg L-1), and the lowest TDN values were found in the 
piezometers up-gradient of the systems (2.66 mg L-1) (Figure 2.12).  The same trend was 
observed for DOC concentrations (Figure 2.13) except that DOC was elevated in the 
groundwater down-gradient of the system near the stream, relative to the groundwater beneath 
the drainfield.  The organic matter in the soil at sites EP100 and EP200, near the stream, may 
have influenced the down-gradient DOC values (Appendix III).  This trend is confirmed with the 
loss on ignition concentrations, which can be considered a proxy for particulate organic carbon 
(Figure 2.14).  Loss on ignition (LOI) concentrations were elevated in the down-gradient 
piezometers compared to other locations (Figure 2.14).  A cross-section view of each sites’ 
piezometer layout with average humic matter percent and LOI concentrations is included in 
Appendix VI.   
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 Figure 2.12. Total dissolved nitrogen values (Shimadzu method) compiled from all four onsite wastewater treatment systems, and all four sampling events. !
2.66 ± 1.98 
42.08 ± 11.08 
12.87 ± 9.55 
9.07 ± 0.72 
1.14 ± 0.02 
7.73 ± 1.76 54.21 ± 15.32 
18.64 ± 11.42 
26.68 ± 13.14 
9.63 ± 0.05 
Figure 2.13. Dissolved organic carbon concentrations compiled from all four onsite 
wastewater treatment systems and all four sampling events. !
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Figure 2.14. Loss on ignition concentrations compiled for all four onsite wastewater 
treatment systems and all four sampling events.  Loss on ignition can be considered a 
proxy for particulate organic carbon (POC).  Tank samples were collected from the 
liquid layer.  If the sludge and scum layer had been included in the sample, LOI values 
would most likely be greater in the tank compared to groundwater. 
190 ± 164 
161 ± 94 265 ± 336 
582 ± 224 
13 ± 6 
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2.4.3 Nitrogen and Carbon Treatment Efficiencies and Correlations 
 Treatment efficiencies were calculated for TDN and DOC from the tank to the drainfield, 
from the tank to the groundwater in the down-gradient piezometers, and from the tank to the 
stream (Table 2.6) using the highest concentration of TDN and DOC found each month, and 
taking an average of the four months to obtain an average treatment efficiency for each 
individual site.  Piezometers exhibiting the highest concentrations in each area, not the overall 
site average TDN or DOC concentration, were used in the calculations, to ensure a conservative 
estimate. Site EP300 had the highest average TDN treatment efficiency from the tank to the 
drainfield (94.91%).  This was followed by EP100 (71.31%), EP400 (58.06%), and EP200 
(32.73%). For intensive sites EP100 and EP200, TDN displayed an 80% and 63% treatment from 
tank to down-gradient piezometers, and 98% and 97% treatment from tank to stream respectively 
(Table 2.6). The DOC treatment showed similar trends.  The site with the highest average DOC 
treatment from tank to drainfield was EP300 (82%), followed by EP400 (71%), EP100 (63%), 
and EP200 (45%) (Table 2.6).  Site EP300 also had the least variable DOC treatment efficiency 
between months with a range of only 12%.  The site with the highest variability in DOC 
treatment was EP200 with a 53% range. For intensive sites EP100 and EP200, DOC displayed a 
58% and 47% DOC treatment from tank to down-gradient piezometers, and 85% and 83% 
treatment from tank to stream respectively (Table 2.6). The soil near the streambed, in the down-
gradient piezometers at sites EP100 and EP200, contained a high percentage of humic matter 
(Figure 2.8, AIII.3, and AIII.4).   The higher organic matter in these soils may have been 
responsible for the slightly lower than would be expected DOC treatment values from the tank to 
the down-gradient piezometers. The average humic matter percent in soil, within the screen 
interval depth, for drainfield piezometers that were sampled at sites EP100 and EP200 was 
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0.18% and 0.40% respectively, while the down-gradient piezometer soil had average humic 
matter percentages of 3.01% and 2.03% at sites EP100 and EP200 respectively.  It is not known 
whether the organic matter in these down-gradient piezometers originated from the OWTS, or 
from the soil.  For the two sites with nested piezometers (EP100 and EP200) the groundwater 
TDN and DOC concentrations for different depths were highly variable with some months 
having higher concentrations in the shallower piezometer and others higher concentrations in the 
deep piezometer, potentially due to water table fluctuation.  
 
 
 
 
 
 
 
 
 
 
Table 2.6. Average calculated treatment efficiency of TDN and DOC at each onsite 
wastewater treatment system using the highest concentration of TDN and DOC (not the 
average concentration) detected at each spatial location each month and then calculating 
an average treatment efficiency over the four sampling dates (DF = drainfield; DG = 
down-gradient).  !
Range Average Range Average
tank to DF 66-76 71.31 59-78 62.67
tank to DG 75-93 80.49 19-81 57.46
tank to stream 97-99 97.97 81-91 85.17
tank to DF 21-41 32.73 17-70 44.59
tank to DG 47-84 62.77 26-55 46.54
tank to stream 94-99 96.71 76-90 83.42
EP300 tank to DF 90-98 94.91 75-87 82.24
EP400 tank to DF 0.52-96 58.06 54-87 70.47
DOC treatment efficiency (%)TDN treatment efficiency (%)
EP100
EP200
Site ID Parameter
! ! !
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 Nonparametric Spearman’s Rank correlations were performed on the compiled drainfield 
data for all four sites and months, to determine if there was a relationship between separation 
distance and TDN and DOC concentrations (Appendix IV).  There was a significant inverse 
correlation between DOC and separation distance (!=-0.62; p-value 0.0005).  However, TDN 
(Shimadzu derived) showed no significant correlation with separation distance in the drainfield.  
There was a significant positive correlation between dissolved oxygen (DO) and separation 
distance (!=0.50; p-value 0.0073).  Concentrations of TDN were positively correlated with 
electrical conductivity (!=0.89; p-value <0.0001).  When the drainfield individual nitrogen 
species derived from the SmartChem method for January and May were compared, there was a 
significant positive correlation between nitrate (NO3-) concentration and separation distance 
(!=0.62; p-value 0.0005), ammonium (NH4+) concentration and TDN concentration (!=0.84; p-
value <0.0001), and ammonium and average percent humic matter concentration (!=0.53; p-
value 0.0084). All significant correlations and corresponding p-values are shown in Table 2.7.  
2.4.4 Estimated Nitrogen and Carbon Loading Rates 
  Estimated loading rates were calculated for TDN and DOC from the tank to the 
drainfield soil, and from the tank to the groundwater underlying the drainfield.  The TDN loads 
from the tank to the drainfield soil at the four OWTS ranged from 2.30 ± 0.50 to 3.38 ± 1.53 
kg/person/year while the load for DOC ranged from 2.49 ± 0.54 to 5.10 ± 2.49 kg/person/year.  
The estimated TDN load from the tank to the groundwater ranged from 0.03 ± 0.04 to 1.70 ± 
1.00 kg/person/year. The estimated DOC load from the tank to the groundwater ranged from 
0.02 ± 0.01 to 2.12 ± 0.80 kg/person/year.  Sites EP100 and EP200 had the highest loading rates 
(Table 2.8, Table 2.9).  The TDN loading rates from the tank to the soil for sites EP100 and 
EP200 were 3.38 ± 1.53 and 3.21 ± 1.46 kg/person/year respectively.  The subsequent loading 
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rates from the tank to the groundwater at these two sites were 0.82 ± 0.24 and 1.70 ± 1.00 
kg/person/year respectively (Table 2.8).  The DOC loading rates from the tank to the soil for 
sites EP100 and EP200 were 3.97 ± 1.03 and 5.10 ± 2.49 kg/person/year respectively.  The 
subsequent loading rates from the tank to the groundwater were 1.93 ± 0.88 and 2.12 ± 0.80 
kg/person/year for sites EP100 and EP200 respectively (Table 2.9).   
 The effective porosity at each site, for sandy clay loam soils, was estimated to fall within 
the range of 0.06-0.33 cm3/cm3 (McWorter & Sunada, 1977).  Using this range of effective 
porosities, a range of potential groundwater velocities was calculated for each of the four OWTS.  
At sites EP100 and EP200, the stream is 15 m and 18 m from the drainfield trenches 
respectively.  At site EP100 the estimated velocity was 0.05-0.26 m day-1, while at site EP200 it 
was 0.03-0.18 m day-1.  This would result in groundwater from the drainfield reaching the stream 
at site EP100 over a period of 58-300 days and 100-600 days at site EP200.  Detailed 
information on individual site calculations is included in Appendix VI.   
 
Table 2.7. Significant results of the non-parametric Spearman's rank correlation test, 
comparing OWTS groundwater environmental data, and nitrogen speciation data, from 
drainfield piezometers at all four study sites. !
Variable 1 Variable 2 Spearman's Correlation "!" P-value
DOC separation distance -0.62 0.0005
dissolved oxygen separation distance 0.50 0.0073
Shimadzu TDN electrical conductivity 0.89 0.0001
Avg. % humic matter SmartChem ammonium 0.53 0.0084
SmartChem ammonium SmartChem TDN 0.84 <0.0001
SmartChem nitrate separation distance 0.62 0.0005
DOC=dissolved organic carbon (mg/L); TDN=total dissolved nitrogen (mg/L)
! ! !
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Table 2.8. Estimated loading rates for total dissolved nitrogen from the tank to the drainfield soil, and from the tank to the 
groundwater beneath the drainfield at each onsite wastewater treatment system. !
EP100 644.33 57.47 37,029.84 13.52 4 3.38 ± 1.53
EP200 518.00 42.50 22,015.00 8.04 2.5 3.21 ± 1.46
EP300 350.67 35.96 12,609.97 4.60 2 2.30 ± 0.51
EP400 925.33 32.40 29,980.80 10.94 4 2.74 ± 0.32
EP100 1.90 28.35 53.79 0.41 0.038 819 10.80 3.27 0.82 ± 0.24
EP200 2.19 20.43 44.78 0.18 0.060 484 24.60 4.24 1.70 ± 1.00
EP300 1.44 30.49 43.99 0.13 0.035 199 1.67 0.11 0.05 ± 0.03
EP400 1.06 30.49 32.21 0.26 0.002 17 14.51 0.12 0.03 ± 0.04
Avg. Hydraulic 
Gradient 
"dh/dl" (m/m)
Average Discharge "Q" 
(L/day)
Avgerage 
Drainfield 
TDN (mg/L)
Average 
TDN Load 
(kg/year)
Average Total Dissolved Nitrogen Load from Tank to Soil
Site ID Average Water Use (L/day)
Average TDN 
in Tank (mg/L)
TDN Load 
(mg/day) TDN Load (kg/yr) # of residents
Average TDN Load ± Stnd. 
Dev.  (kg/person/yr)
Average TDN 
Load ± Stnd. Dev.  
(kg/person/yr)
Average Total Dissolved Nitrogen Load from Tank to Groundwater
Site ID
Average 
Plume Depth 
(m)
Drainfield 
Width (m)
Average 
Plume 
Area (m2)
Median Hydraulic 
Conductivity "K" 
(m/day)
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Table 2.9. Estimated loading rates for dissolved organic carbon from the tank to the drainfield soil, and from the tank to the 
groundwater beneath the drainfield at each onsite wastewater treatment system. !
EP100 644.33 67.46 43,466.73 15.87 4 3.97 ± 1.03
EP200 518.00 67.45 34,939.10 12.75 2.5 5.10 ± 2.49
EP300 350.67 38.89 13,637.43 4.98 2 2.49 ± 0.54
EP400 925.33 42.03 38,891.76 14.20 4 3.55 ± 0.63
EP100 1.90 28.35 53.79 0.41 0.038 819 26.47 7.71 1.93 ± 0.88
EP200 2.19 20.43 44.78 0.18 0.060 484 29.65 5.29 2.12 ± 0.80
EP300 1.44 30.49 43.99 0.13 0.035 199 6.03 0.43 0.21 ± 0.11
EP400 1.06 30.49 32.21 0.26 0.002 17 12.07 0.07 0.02 ± 0.01
Average Dissolved Organic Carbon Load from Tank to Soil
Site ID Average Water Use (L/day)
Average DOC 
in Tank (mg/L)
DOC Load 
(mg/day) DOC Load (kg/yr) # of residents
Average 
DOC Load 
(kg/year)
Average DOC 
Load ± Stnd. Dev.  
(kg/person/yr)
Average DOC Load ± Stnd. 
Dev.  (kg/person/yr)
Average Dissolved Organic Carbon Load from Tank to Groundwater
Site ID
Average 
Plume Depth 
(m)
Drainfield 
Width (m)
Average 
Plume 
Area (m2)
Median Hydraulic 
Conductivity "K" 
(m/day)
Avg. Hydraulic 
Gradient 
"dh/dl" (m/m)
Average Discharge "Q" 
(L/day)
Avgerage 
Drainfield 
DOC (mg/L)
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2.5 Discussion 
 The results indicate that electrical conductivity can be a useful indicator of wastewater 
transport.  For example, conductivity showed a significant correlation with TDN values and 
followed the potentiometric surface flow path.  Wastewater effluent contains elevated levels of 
dissolved solids and salts (Lowe et al., 2007) and is expected to have higher electrical 
conductivity than fresh ground water that is not brackish or saline. The agreement between the 
three-point problem determination of groundwater flow and the surfer plots of water level 
contours, TDN, and electrical conductivity provide strong, supporting evidence of groundwater 
flow direction and OWTS impacts on water resources.  In addition, elevated electrical 
conductivity and TDN concentrations can be used as an indicator of wastewater-influenced 
groundwater.   
 Overall, site EP300 performed well in terms of TDN and DOC treatment efficiency (%) 
and had the smallest TDN and DOC loading rate from the tank to soil.  Site EP300 has much 
higher clay content than the other three sites (Table 2.3).  In addition, the hydraulic conductivity, 
average monthly water use, and actual loading rate was the lowest at this site (Table 2.1, Table 
2.3).  These variables taken together, along with the adequate separation distance from trench 
bottom to the water table, may indicate increased wastewater residence time in the soil and 
improved treatment at this site.  In contrast, site EP200’s higher loading rate and smaller vadose 
zone, demonstrated the least treatment of wastewater derived TDN and DOC of all four sites. Its 
lower nitrogen treatment efficiency may be a function of the decreased residence time of 
wastewater in the soil and the fact that very little unsaturated soil exists for treatment to occur.   
The nitrogen speciation data from January and May indicate that the nitrogen in the drainfield 
and groundwater down-gradient at sites EP100 and EP200 is mostly in the form of ammonium 
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rather than nitrate nitrogen.  Sites EP100 and EP200 have high potential for denitrification to 
occur because of the organic rich soils near the streambed.  However, with limited nitrification in 
the drainfield, and thus higher ammonium concentrations in groundwater, the TDN concentration 
will remain elevated.  Site EP400 had highly variable TDN and DOC treatment efficiencies 
which could be related to its high water use and loading rate.  Separation distance was positively 
correlated with nitrate concentrations and inversely correlated with DOC concentrations 
indicating that vertical separation distance plays an important role in oxidation of effluent 
nitrogen and carbon.  
 According to NC onsite wastewater regulations, all four sites should have at least a 30 cm 
vertical separation distance between the trench bottoms and the water table (The North Carolina 
Division of Environmental Health, On-site Wastewater Section, 1999).  Only sites EP300 and 
EP400 are in line with these regulations.  However, even though site EP400 follows vertical 
separation distance regulations, average TDN treatment efficiencies remain somewhat low 
(58%), indicating that vertical separation distance is not the only contributing factor to proper 
system functioning.  Site EP400 had the highest average water use and loading rate, which may 
also factor into its low treatment efficiency compared with that of EP300.  With a large vadose 
zone there is the potential for greater oxidation of organic matter, which in turn reduces the 
carbon source necessary for denitrification of nitrate nitrogen.  Therefore, even with a large 
unsaturated zone, it is possible for groundwater nitrate concentrations to remain high.  The thick 
vadose zone at site EP400 may enable much of the organic matter to oxidize to carbon dioxide, 
preventing denitrification of nitrate-nitrogen in groundwater beneath the OWTS.  
 Onsite wastewater treatment systems have been shown to be significant non-point 
sources of nitrogen to nutrient sensitive waters such as the Tar-Pamlico River basin, with 
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eutrophication being observed with concentrations of nitrogen as low as 1mg/L (Osmond et al., 
2003). Such negative impacts will be more pronounced with greater spatial density of OWTS 
(Harrison et al., 2012). The average TDN concentration of the groundwater beneath the 
drainfield in this study exceeded 8mg/L at every site except EP300. A study in Seattle, 
Washington found that lake water quality in all developed areas was reduced compared to non-
developed areas.  In that study, lakes surrounded by predominantly OWTS were more eutrophic 
than those surrounded by sewered residences (Moore et al., 2003).  The Eastern Pines study area 
in Greenville, NC relies entirely on OWTS. Such OWTS are not currently required by the state 
of NC to be inspected post-installation, and some homeowners are not proactive in properly 
maintaining their individual system.  Thus, the groundwater contamination potential from these 
systems could have implications for both environmental and public health. 
2.6 Conclusion 
 The purpose of this study was to describe nitrogen and carbon dynamics in groundwater 
beneath OWTS in Eastern NC.  Results indicate that OWTS are having an impact on both 
shallow groundwater and possibly adjacent surface waters in terms of carbon and nitrogen influx.  
The extent of the impact on water quality seems to be dependent on a variety of factors including 
wastewater-loading rate, vertical separation distance from trench bottom to water table, and soil 
type.  More stringent OWTS regulations may be required to control these non-point sources of 
nutrients, especially in the coastal areas of NC where sandy soils and a shallow water table are 
dominate.   
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CHAPTER 3:  Detection of Pharmaceuticals and Other Personal Care Products in 
Groundwater Beneath and Adjacent to Onsite Wastewater Treatment Systems in Eastern, 
NC 
 
3.1 Abstract 
 Pharmaceuticals and personal care products (PPCPs) are used in households on a daily 
basis and include prescription analgesics, antibiotics, and hormone regulators as well as over-the-
counter medications, fragrances, and cleansers. These PPCPs have been detected in water 
resources, including surface, ground, and drinking water, throughout the U.S. The behavior of 
PPCPs in aquatic ecosystems and their potential effects on aquatic organisms is still largely 
undefined. While PCPPs are generally detected at trace levels (i.e., ng to µg per liter of water), 
there is concern that ambient exposure to these chemicals could pose a significant public health 
threat, especially to more vulnerable sub-populations such as children.  The first objective of this 
study was to explore the detection frequency of PPCPs from four residential  onsite wastewater 
treatment systems (OWTS) to groundwater beneath, and down-gradient of these systems, in 
eastern North Carolina. A second objective of this study was to characterize the environmental 
conditions at the sites to help determine which factors may affect the OWTS discharge of PPCPs 
to water resources. Environmental factors characterized include: soil type, distances from the 
OWTS, wastewater loading rates, and various chemical properties such as pH, dissolved oxygen 
(DO), total dissolved nitrogen (TDN) and dissolved organic carbon (DOC). The PPCPs most 
commonly detected in the OWTS, and in the groundwater down-gradient include: caffeine, 
ibuprofen, DEET, and homosalate (a sunscreen agent) ranging in concentrations from 0.12 µg/L 
to 12.04 µg/L in the groundwater. The concentration of PPCPs detected in this study was 
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significantly inversely correlated with distance from the tank but not correlated with groundwater 
depth. 
3.2 Introduction 
 Pharmaceuticals and personal care products (PPCPs) represent a variety of chemicals, 
widely used by the consumer, on a daily basis.  Pharmaceuticals and personal care products 
include prescription and non-prescription drugs, cosmetics, cleansers, detergents, and fragrance 
products and are often defined by their chemical classes and type of use (Daughton, 2004). 
Pharmaceuticals and other personal care products have become micro pollutants of emerging 
concern because of their common use and discovery in water resources.  However, PPCPs in the 
environment (soil, water, etc.) are not regulated.  Pharmaceuticals and personal care products 
have been detected in water resources, including surface, ground, and drinking water, throughout 
the United States (U.S.) (Kolpin et al., 2002; Barnes et al., 2008; Focazio et al., 2008). The 
detection of PPCPs in water resources has attracted significant public interest because of the 
potential health effects that chronic, involuntary, exposure to PPCPs could cause (Rodriguez-
Mozaz & Weinburg, 2010).   
Pharmaceuticals are designed to have a specific effect on target metabolic and molecular 
pathways in both humans and animals.  They may also have a corresponding effect on non-target 
organisms when introduced into the environment.  The potential ecological effect of 
pharmaceuticals on the environment and aquatic organisms has become a topic of extensive 
research in the past decade.  In 2004, it was reported that an anti-inflammatory drug, diclofenac, 
was responsible for the decline of three vulture populations in India and Pakistan (Fent et al., 
2006).  The vultures were exposed and suffered renal failure after feeding on the carcasses of 
livestock that had been treated with the drug (Oaks et al., 2004; Green et al., 2006).  Another 
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study found that long-term, low-level exposure to a synthetic estrogen used in birth control pills 
caused the feminization of male fathead minnow and near extinction of the species in an 
experimental lake (Kidd et al., 2007).   Many other studies have found similar negative responses 
in fish species exposed to endocrine disrupting chemicals (Brian et al., 2005; Thorpe et al., 
2001).   Pharmaceuticals have also been shown to have synergistic effects on various species of 
algae and zooplankton when found in mixtures in the water system (Fent et al., 2006; Cleuvers, 
2003).  In addition, there is speculation that the accumulation of antibiotics in aquatic sediments 
may be significantly contributing to the problem of antibiotic resistance (Rodriguez-Mozaz, 
2010).  The fate of PPCPs in the aquatic ecosystem, and their potential mixture effects on aquatic 
organisms is still largely undefined.   
 Possible sources of PPCPs to the environment include human and animal wastes, landfill 
leachate, bio solids application, and direct disposal of PPCPs into the waste stream (Conn et al., 
2006).  In rural areas, onsite wastewater treatment systems (OWTS), or septic systems, are the 
most common method of wastewater treatment.  Most OWTS have three basic components 
including a septic tank, drainfield trenches, and soil.  Most of the physical, chemical, and 
biological treatment of the wastewater effluent occurs in the soil beneath the drainfield trenches.  
During sub-surface migration, PPCPs have the potential to adsorb or absorb to organic matter 
and/or undergo transformation and degradation by microbial processes (Lapworth et al., 2012).  
Once OWTS are initially permitted, the treatment performance of the system is not typically 
monitored.  If PPCP concentrations are not reduced via the OWTS then groundwater, nearby 
surface waters, and associated aquatic organisms, may be adversely affected.  Therefore, 
determining the fate and transport of PPCPs discharged to the subsurface via OWTS is 
important.  
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A few studies have quantified PPCPs in OWTS.  Several estrogenic PPCPs were 
monitored in a residential OWTS, and the groundwater down-gradient from the system, in Cape 
Cod, MA (Swartz et al., 2006). The highest concentrations of PPCPs were found in the suboxic 
to anoxic portion of the wastewater plume, and lowest concentrations were within the most 
shallow, oxic depths (Swartz et al., 2006).  Conn et al. (2006) quantified PPCPs in wastewater 
from 30 OWTS from both residential and non-residential sources in Colorado. Non-residential 
sources generally had higher concentrations of PPCPs in the septic tank, than residential sites 
(Conn et al., 2006). The difference between residential and non-residential sites is most likely 
due to variability in water usage and sources, with non-residential sources being made up of 
restaurants, retail shops, convenience stores, and schools, all serving a large and diverse 
population (Conn et al., 2006).  The same study also compared treatment mechanisms of the 
OWTS and found that systems with an additional aerobic treatment had lower median 
concentrations of PPCPs than those utilizing anaerobic tank treatment alone (Conn et al., 2006). 
Godfrey et al. (2007) found evidence of twelve PPCPs in the shallow groundwater underlying 
OWTS, and in the local aquifer, in measurable concentrations in western Montana.  In addition, 
they found evidence that vadose zone processes are an effective means of treatment in reducing 
concentrations or removing some PPCPs from the sewage effluent (Godfrey et al., 2007).  Other 
studies have found similar results regarding the presence of PPCPs in OWTS effluent and more 
effective treatment during vadose zone processes (Carrara et al., 2008; Standley et al., 2008; 
Conn et al., 2010b; Dougherty et al., 2010).   
 Over 21% of the U.S. population utilizes OWTS (U.S. Census Bureau, 2008).  In North 
Carolina alone, there are over 2 million OWTS and between 20,000 - 40,000 new OWTS 
installed each year (Hoover & Konsler, 2004).  The vast majority of OWTS in NC do not utilize 
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advanced wastewater treatment (Hoover and Konsler, 2004).  Presently, there are few studies 
addressing the fate and transport of PPCPs from OWTS in coastal environments.  Understanding 
the migration of PPCPs from OWTS to groundwater is important for assessing the potential 
impact they may have on nearby water supply wells and surface waters.  In short, water 
resources of North Carolina may be at risk from the introduction of PPCPs and other trace 
organic contaminants.   The goal of the present study was to determine whether OWTS in 
Eastern NC, could be a source of PPCPs into both ground and surface water resources.  The 
specific study objectives were to 1) determine if PPCPs were detectable in groundwater beneath 
and adjacent to OWTS and in adjacent (to OWTS) surface water bodies, 2) quantify specific 
PPCP concentrations, and 3) determine how specific site conditions and ancillary water quality 
parameters may influence PPCP detection and concentrations.  Site conditions that were 
examined include: soil type and separation distance from OWTS to groundwater, and various 
chemical properties such as pH, dissolved oxygen, electrical conductivity, temperature, total 
dissolved nitrogen (TDN), dissolved organic carbon (DOC), and specific contaminant properties.  
The high density of OWTS utilized in Eastern NC, especially near sensitive coastal ecosystems, 
make the presence of PPCPs a concern for both homeowners and policymakers.  There is 
potential to utilize PPCPs as tracers for wastewater influence especially in regards to 
distinguishing wastewater versus fertilizer derived nitrogen sources (Zhao et al., 2011).  Findings 
from this study have implications for OWTS regulations in NC and could potentially be used to 
guide future nutrient sensitive water management strategies as well as public health water quality 
standards.   
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3.3 Materials and Methods 
3.3.1 Site Selection 
 Greenville, a city in the Coastal Plains region of North Carolina (NC), in Pitt County 
(Figure 3.1), has a population of about 86,017 people (U.S. Census Bureau, 2011), and is the 
tenth largest city in NC. Greenville is part of the Neuse River and Tar-Pamlico River Basins, 
which drain into the Pamlico Sound.  Four onsite wastewater treatment systems (OWTS) were 
studied in the Eastern Pines area of Greenville, NC (Figure 3.1).  Land use in the watershed is 
mostly residential, with some forested and agricultural areas.  The entire watershed has <15% 
agricultural use, and the contributing area upstream is estimated to have <5% agriculture.  
Domestic sewage in the Eastern Pines watershed is disposed of entirely by OWTS.  Piezometers 
were installed within the shallow, unconfined surficial aquifer.  Shallow groundwater is most 
likely to contribute to stream recharge and impact surface water quality.  Deeper aquifer systems, 
such as those commonly used for drinking water sources, were not included in this study, and no 
private drinking water wells exist in the area.  These sites were chosen because they drain to the 
nutrient sensitive Tar-Pamlico River in Eastern NC.  Each of the four sites includes a single-
family, residential home, which utilizes a conventional, gravity-fed, OWTS.  The county GIS 
system was used to evaluate the mapped soil series and ages of OWTS in the watershed.  Sites 
were chosen with the goal of representing a variety of OWTS ages and soil types.  System age 
ranges from the 1970’s to the late 1990’s (Table 3.1).  
3.3.2 Piezometer installation  
 Groundwater monitoring piezometers (3.18 - 5.08 cm well diameter; 0.91 m screen 
interval; PVC pipe) were installed using hand augers at each residential site.  Two of the sites 
(EP100, EP200) had a very intensive piezometer layout in which piezometers were installed up-
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gradient, between the drainfield trenches, as well as down-gradient of the system.  The less 
intensive piezometer network installed at sites EP300 and EP400 only included piezometers up-
gradient and between the drainfield trenches.  Sites EP100 and EP200 are located on opposite 
sides of a stream that was sampled in the study.  The depth to each trench bottom was 
determined using a probe rod. Piezometers adjacent to the drainfield trenches and stream at the 
intensive sites were nested at different depths (1.23 - 4.15 m) to capture the full extent of the 
plume and vertical flow, based on hydraulic head gradients.  In addition, the nested piezometers 
were used to determine the source of near-stream carbon.  Nested piezometers in this study 
include: 108, 110, 209, and 212.  A Trimble GPS was used to record the coordinates of each 
piezometer, and ArcGIS (ESRI Inc.) was used to create GIS maps of each site (Appendix I).  
Based on the initial study results from January and May 2012 (described in Chapter 2), a sub-set 
of piezometers most influenced by the wastewater plume were identified.  Due to limited 
resources, only this sub-set of piezometers was included for PPCP sampling in the present study.  
Figure 3.2 illustrates a typical layout of groundwater monitoring piezometers sampled for PPCPs 
at one of the four study sites, EP100.  The remaining site maps, indicating the specific 
piezometers sampled for PPCPs can be found in Appendix I. At sites EP100 and EP200 water 
samples were collected from piezometers that were up-gradient, beneath the drainfield, and 
down-gradient of the system, and from the tank and adjacent stream, for PPCP analysis.  At sites 
EP300 and EP400 water samples were only collected for analysis up-gradient, in the tank, and 
beneath the drainfield (Appendix I).   
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Table 3.1. Site and system characteristics of the four onsite wastewater treatment systems used in 
this study. !
Site Characterisitics EP100 EP200 EP300 EP400
number of occupants 4 2.5 2 4
average monthly water use (L)† 19,330 15,540 10,520 27,760
average depth to water table (m) 0.84 0.85 1.06 2.54
System Characteristics
year installed 1998 (2004 repair) 1977 (2003 repair) 1989 1999
tank size (L) 3785 3785 3785 3785
drainfield area (m2) 156.13 74.35 111.52 111.52
trench bottom depth (m) 0.85 0.85 0.55 0.64
designed loading rate (L/m2/day)‡ 8.74 18.35 12.23 16.31
calculated loading rate (L/m2/day) 4.13 6.97 3.14 8.30
‡ Based on a system designed to handle 455 L of water/bedroom/day.
average separation distance from 
trench bottom to water table (m) 0.00 0.08 0.65 1.83
† Monthly water use is determined using an average of the  winter months (November-March) to 
account for overestimation due to irrigation during summer months. 
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 During installation, a soil boring was taken at each piezometer location and a detailed soil 
profile documented.  Characteristics recorded at each boring included soil texture, consistency 
and color.  Soil samples were sent to the NC State University soil physical properties lab for 
particle size analysis.   The NC Department of Agriculture and Consumer Services performed 
fertility analysis including soil percent humic matter, effective cation exchange capacity, 
percentage base saturation, and pH, for soil samples collected during the piezometer installations 
(Appendix III). The median hydraulic conductivity at each site was determined using a slug test 
(Domenico & Schwartz, 1998) in which a known volume of water was displaced from each 
piezometer and the time it took for the piezometer to re-charge was recorded.  The top of each 
piezometer was surveyed with a laser level to determine the relative elevation (Appendix II).  
The relative elevations and depth to water table measurements were used to determine the 
elevation of water at each piezometer (Appendix II).  The water table elevation and GIS maps 
(with piezometer coordinates) were used to determine the direction of groundwater flow using 
Equation 3.1:  
(EH – EL) = (EH – EI)   
                                                                 HL               x 
 
Where: 
EH = elevation of water at highest well (water table is highest) 
EL = elevation of water at lowest well (water table is lowest) 
HL = distance between highest and lowest well 
EI = elevation of water at intermediate well 
x = distance from highest well to lowest well where water elevation is the same as the 
intermediate well (contour line)  
 
Groundwater flow direction was perpendicular to the contour line.  
 
3.3.3 Environmental Readings and Sample Collection  
 Groundwater, septic tank, and stream environmental readings, and PPCP samples were 
collected from each site in January, May, August, and November 2012. At each piezometer a 
! ! !
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depth to water table reading was measured using a Solinst 107 TLC meter.  After the depth 
reading, the piezometers were purged, and allowed to recharge.  Next, a sample was collected for 
in-field environmental readings and laboratory analysis of PPCPs. All samples were collected 
using clean, disposable, plastic, hand-bailers and stored in pre-ashed (450oC for 4 hours in a 
muffle furnace) amber, glass bottles.  An YSI 556-multimeter was used in the field to measure 
temperature, dissolved oxygen, pH, and electrical conductivity of groundwater, septic effluent, 
and stream water. Care was taken during sampling to avoid the use of PPCP products, and 
polyethylene gloves were worn, in an attempt to prevent sample contamination. Attempts were 
made to collect at least 500 mL of water for PPCP, TDN, and DOC analysis.  Samples were 
stored on ice within a cooler and immediately filtered upon returning to the lab using pre-ashed 
(450 oC for 4 hours in a muffle furnace) filters.  After filtration a 20 mL aliquot of the filtrate 
was acidified with 2N hydrochloric acid (HCl) to remove the inorganic carbon, and immediately 
analyzed for TDN/DOC.  The remaining filtrate was acidified with 4N HCl for preservation, and 
methylene chloride was added to the filtrate if enough headspace was available.  Samples were 
stored in a refrigerator at 4 o C until further processing.  
3.3.4 Sample Analysis   
 Figure 3.3 describes the specific analytical methods used.  The filter for each sample was 
retained, allowed to dry, and combusted in a muffle furnace at 550oC for four hours to determine 
the loss on ignition (LOI), which is considered a proxy for particulate organic carbon (POC). 
Total dissolved nitrogen and DOC were analyzed using a Shimadzu TOC-VCPN/TNM-1 with the 
combustion catalytic oxidation method and chemiluminescence detector.  Standards of carbon 
and nitrogen were used to make a monthly calibration curve.  Carbon standards were prepared 
using Potassium Hydrogen Phthalate (Nacalai Tesque Inc., Kyoto, Japan) and nitrogen standards 
! ! !
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were prepared using Potassium Nitrate (Wako Ltd.).   
 Liquid-liquid extraction for PPCPs was performed on all filtrates within seven days of 
collection, using a separatory funnel and methylene chloride as the solvent. The extract was roto-
vaped to dryness and reconstituted gravimetrically in pyridine.  Samples were analyzed using a 
Shimadzu QP2010 gas chromatograph-mass spectrometer (GC/MS) in scan mode.  Specific 
GC/MS parameters are shown in Table 3.2.  The GC oven was ramped from 50 oC to 320 oC at a 
rate of 10 oC per minute, and held for 25 minutes. Based on preliminary data, a sub-set of four 
PPCPs most often detected in groundwater samples, beneath OWTS, was chosen for 
quantification.  Standards for these four PPCPs were purchased from Sigma-Aldrich.  These 
included caffeine (99% purity), N,N-Diethyl-meta-toluamide (DEET) (97% purity), homosalate 
(99.9% purity), and ibuprofen (98% purity). Quantification of PPCPs was based on external 
calibration curves generated using a mixed standard and subsequent dilutions (Appendix V).  All 
PPCP standards were dissolved in pyridine.  Each compound was identified based on both its 
specific retention time and unique reference ions (Table 3.2a & 3.2b).  Water samples from two 
time periods: August and November 2012, were analyzed for PPCPs.     
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Table 3.2a. Instrument parameters for the gas chromatograph/ mass spectrometer used for 
PPCP analysis and quantification. !
# of solvent pre-run rinses 3 column oven temp. 40oC ion source temp. 200oC
# of solvent post-run rinses 3 injector temp. 250oC interface temp. 275oC
# of rinses with sample 2 injector mode split solvent cut time 3 min.
carrier gas He detecter voltage relative to tuning result
pressure 69.1 kPa scan speed 666
total flow 50 mL/min start m/z 40
column flow 1.28 mL/min end m/z 350
linear velocity 40.7 cm/sec
purge flow 1.0 mL/min
split ratio 37.3
total program time 54 min.
column SHRIX-5MS
column thickness 0.25 µm
column length 30 m
column diameter 0.25 mm
Sampler Parameters              
(AOC-20its) MS ParametersGC Parameters
GC= gas chromatograph; MS= mass spectrometer; temp.= temperature; m/z = mass to charge ratio
Table 3.2b. PPCP identification parameters for the gas chromatograph/ mass 
spectrometer used for PPCP analysis and quantification. !
Compound Retention Time (min.) Target Ion (m/z) Quantification Ions (m/z)
caffeine 14.0 194.05 109.05, 193.05
deet 9.7 119.10 120.10, 190.10
homosalate 14.8 138.05 124.15, 139.05
Ibuprofen 10.3 161.10 163.05, 206.10
Compound Identification Parameters
!"#$%&!"#'()*+&!,-&%&!.**&(/&01.23)&2.("/
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 Estimated loading rates were calculated for each PPCP from the tank to the soil beneath 
the drainfield trenches, and from the tank to the groundwater underlying the OWTS.  In order to 
determine the average loading from the tank to the soil beneath the drainfield trenches, the 
average concentration of each PPCP detected in the tank at each site, over the two sampling 
dates (August and November 2012), was used.  This concentration in micrograms per liter was 
multiplied by the average daily water use to obtain a load in micrograms per day.  This was then 
divided by the number of people in each household, resulting in a loading rate in milligrams per 
person per month.  In order to determine the average loading rate from the tank to the 
groundwater underlying the OWTS, Darcy’s Law was used, as shown in Equation 3.2:  
Q = KA (dh/dl) 
where “K” is the median hydraulic conductivity in meters per day, “A” is the plume area in 
square meters, “dh/dl” is the hydraulic gradient in meters per meter, and “Q” is the calculated 
discharge in cubic meters per day.  The discharge value was converted to liters per day and 
multiplied by the average concentration of each PPCP detected within the drainfield, and divided 
by the number of people in each household, to determine a loading rate in milligrams per person 
per month.   
 The potential groundwater velocity at each site was calculated based on a range of 
potential effective porosities using equation 3.3:  
V = K/ne (dh/dl) 
Where “V” is the velocity in meters per day, “ne” is the effective porosity in cubic meters per 
cubic meters, and “dh/dl” is the hydraulic gradient in meters per meter.  Effective porosity of a 
soil is the volume of water that will drain from the pore spaces of rock or sediment under the 
influence of gravity, and is related to the grain size.  For example, clay has a much smaller grain 
! ! !
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size than sand particles and correspondingly more surface area and pore spaces.  However, the 
pore spaces are not well connected compared to sand particles and therefore they are more likely 
to retain water.  Therefore, clay would be expected to have a much smaller effective porosity 
than a sandy material (Heath, 1983). The estimated velocity at each site was used to determine a 
potential residence time of groundwater and recharge time for nutrients and PPCPs from the 
surficial aquifer to the stream.   
3.3.5 Quality Assurance and Statistical Analysis 
 Multiple quality assurance measures were taken as part of this study.  Duplicate samples 
were collected for two piezometers at sites EP100 and EP200 during the August 2012 sampling 
event.  Field blanks were employed in November 2012 with Millipore water at each of the four 
study sites and filtered and extracted using the same procedure as all PPCP samples.  In addition, 
a laboratory blank was extracted and analyzed for each sampling date.  Only PPCP peaks with a 
signal to noise ratio greater than or equal to seven were quantified.   
 Data was initially tested for normality using a probability plot in Minitab Software 
(Minitab Inc.) Further non-parametric statistical analysis was performed using JMP software 
(version 10, SAS Institute Inc., Cary, NC).  Correlations between site conditions, ancillary water 
quality parameters, and PPCP concentrations were performed using the non-parametric 
Spearman’s rank coefficient in JMP.   
3.4 Results 
3.4.1 Site Characteristics 
 The average depth to the water table at each site varied from 0.84 to 2.54 m, with sites 
EP100 and EP200 having the shallowest depth to water table (Table 3.3).  In addition, sites 
EP300 and EP400 had, on average, more separation distance from the trench bottom to the water 
! ! !
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table (0.65 and 1.83 m respectively) compared to sites EP100 and EP200 (0.00 and 0.08 m 
respectively) (Table 3.1).   While all sites fall within their designed capacity for daily wastewater 
loading rate (Table 3.1), sites EP100 and EP200 did not maintain their design separation distance 
(>30+ cm) from the trench bottom to the water table.  Site EP300 has a higher percentage of clay 
(35%) than the other three sites (about 25%) and is considered sandy clay.   Sites EP100, EP200, 
and EP400 all have relatively the same particle size distribution and are considered sandy clay 
loam textural class (Table 3.3).  The median hydraulic conductivity was higher at site EP100 
(0.41 m/day) than the other three sites (Table 3.3).   Soil profiles for each site can be found in 
Appendix III. The median hydraulic conductivity, average monthly water use, and actual loading 
rate were the lowest at site 300.  These characteristics, coupled with the adequate separation 
distance from trench bottom to the water table, increased wastewater residence time in the soil 
and hence, may have improved treatment.  Wastewater residence time in the vadose zone was 
probably not adequate at sites EP100 and EP200 because of the fact that they were not in 
compliance with the separation distance requirements from the trench bottom to the seasonal 
high water table.   
3.4.2 Environmental Parameters 
 Average water temperature was typically highest in the tank (21.90 oC) and slightly lower 
in groundwater beneath the drainfield (19.14 oC), up-gradient (18.94 oC), and down-gradient of 
the OWTS (17.70 oC), and lowest in the stream (12.60 oC). The electrical conductivity followed 
this same trend of being elevated in the tank (732 µs cm-1) then gradually decreasing from the 
drainfield (331 µs cm-1) , down-gradient (290 µs cm-1), up-gradient (159 µs cm-1), and within the 
stream (156 µs cm-1) (Table 3.4). The average pH in the tank was 6.3, 6.1 in the drainfield, 5.9 
down-gradient, and 6.9 within the stream.  The dissolved oxygen was always lowest in the tank 
! ! !
!$$!
with an average of 1.15 mg L-1.  The dissolved oxygen then increased slightly beneath the 
drainfield (2.52 mg L-1), down-gradient (2.12 mg L-1), up-gradient (2.70 mg L-1), and was 
highest within the stream (7.27 mg L-1) (Table 3.4).   
 The mean TDN for all four OWTS was highest in the tank (42.08 mg L-1) followed by the 
groundwater beneath the drainfield (12.87 mg L-1), down-gradient of the system (9.07 mg L-1), 
up-gradient (2.66 mg L-1) and the lowest TDN values occurring in the stream (1.14 mg L-1) 
(Figure 3.4).  The same trend was observed for DOC concentrations (Figure 3.5) except that 
DOC concentrations were elevated in groundwater down-gradient of the system, near the stream, 
at sites EP100 and EP200 (26.68 mg L-1), relative to drainfield groundwater concentrations 
(18.64 mg L-1).  At site EP100 the average percent humic matter in the soil, within the screen 
interval depth of piezometers in the drainfield, was 0.18% while the average in the soil of down-
gradient piezometers, near the stream, was 3.01% (Appendix III).  Likewise, at site EP200 the 
average percent humic matter in the soil within the piezometer screen interval depth adjacent to 
the drainfield was 0.40% while the soil average in the down-gradient piezometers near the 
stream was 2.03% (Appendix III).  This relationship is confirmed by the LOI (a proxy for 
particulate organic carbon) concentrations, which are elevated in the down-gradient piezometers, 
compared to other locations (Figure 3.6).  A cross-section view of piezometer layout at each 
OWTS along with average percent humic matter and LOI concentration is included in Appendix 
VI.   
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Table 3.3. Subsoil characteristics at each of the four onsite wastewater treatment systems 
used in this study. !
EP100 69/6/25 sandy clay loam 0.41 Lynchburg$ & Goldsboro¢
EP200 65/10/25 sandy clay loam 0.18 Goldsboro
EP300 50/15/35 sandy clay 0.13 Ocilla£
EP400 66/8/26 sandy clay loam 0.26 Ocilla
Subsoil Characteristics
$Lynchburg Fine-Loamy, Siliceous, Semiactive, Thermic Aeric Paleaquults
¢Goldsboro Fine-Loamy, Siliceous, Subactive, Thermic Aquic Paleudults
£Ocilla Loamy, Siliceous, Semiactive, Thermic Aquic Arenic Paleudults
uBibb Coarse-loamy, Siliceous, Active, Acid, Thermic Typic Fluvaquents
§ Data from NCSU Soil Physical Properties Lab using the Hydrometer method.
¶ Determined using a slug test.
Site ID Sand/silt/clay (%)§ Textural Class
Median 
Hydraulic 
Conductivity 
(m/day)¶
USDA Soil Series 
beneath the Drainfield!
!The down-gradient soil at sites EP100 and EP200 includes Bibbu soil series
! ! !
!
"#!
Table 3.4. Average values and standard deviations for each environmental parameter, TDN, and DOC, measured at each site, as 
well as all four onsite wastewater treatment systems combined (values only include subset of piezometers most influenced by 
the wastewater plume and TDN values are those derived from the Shimadzu method). !
Up-gradient 1.43 ± 0.89 18.94 ± 4.02 159 ± 139 6.30 ± 1.19 2.70 ± 1.24 2.66 ± 1.98 7.73 ± 1.76
Tank 21.90 ± 5.35 732 ± 189 6.26 ± 0.45 1.15 ± 0.80 42.08 ± 11.08 54.21 ± 15.32
Drainfield 1.01 ± 0.75 19.14 ± 4.84 331 ± 254 6.11 ± 0.49 2.52 ± 1.53 12.87 ± 9.55 18.64 ± 11.42
Down-gradient 0.87 ± 0.29 17.70 ± 4.43 290 ± 210 5.85 ± 0.34 2.12 ± 0.83 9.07 ± 0.72 26.68 ± 13.14
Stream 12.60 ± 7.06 156 ± 17 6.86 ± 1.16 7.27 ± 3.29 1.14 ± 0.02 9.63 ± 0.05
Up-gradient 1.00 ± 0.31 19.10 ± 5.17 159 ± 54 5.73 ± 1.75 2.48 ± 1.32 4.14 ± 1.11 8.17 ± 8.98
Tank 23.77 ± 5.13 848 ± 133 6.49 ± 0.24 0.64 ± 0.44 57.47 ± 8.96 67.46 ± 17.45
Drainfield 0.54 ± 0.23 19.66 ± 5.08 304 ± 154 6.02 ± 0.58 2.37 ± 2.07 10.91 ± 5.42 26.83 ± 15.00
Down-gradient 1.23 ± 0.08  18.36 ± 3.78 258 ± 137 5.88 ± 0.41 2.00 ± 0.73 9.57 ± 3.89 35.97 ± 28.97
Stream  12.96 ± 8.60 158 ± 20 7.06 ± 1.33 7.64 ± 3.93 1.13 ± 0.39 9.59 ± 2.15
Up-gradient 1.42 ± 0.43 18.99 ± 4.38 270 ± 237 6.43 ± 0.40 2.60 ± 1.63 4.58 ± 1.73 7.73 ± 3.28
Tank 20.07 ± 5.97 821 ± 299 6.14 ± 0.40 1.01 ± 0.37 42.50 ± 19.24 67.45 ± 32.92
Drainfield 0.85 ± 0.40 18.74 ± 5.74 509 ± 353 6.03 ± 0.38 2.42 ± 1.29 24.60 ± 15.61 29.64 ± 11.73
Down-gradient 0.69 ± 0.15 17.37 ± 4.82 306 ± 234 5.84 ± 0.33 2.18 ± 0.89 8.56 ± 6.08 17.39 ± 16.53
Stream 12.63 ± 8.65 158 ± 20 6.96 ± 1.40 7.31 ± 4.03 1.16 ± 0.38 9.66 ± 2.02
Up-gradient 0.77 ± 0.16 20.01 ± 4.96 57 ± 9 7.03 ± 1.30 2.56 ± 0.92 0.78 ± 0.50 9.62 ± 8.26
Tank 20.26 ± 5.88 677 ± 84 6.01 ± 0.63 1.63 ± 1.19 35.96 ± 8.01 39.89 ± 8.51
Drainfield 1.29 ± 0.63 18.14 ± 4.32 129 ± 69 6.20 ± 0.40 2.55 ± 1.10 1.48 ± 0.89 6.00 ± 3.49
Up-gradient 2.91 ± 0.79 17.24 ± 0.91 149 ± 16 5.91 ± 0.40 3.33 ± 1.45 1.13 ± 0.56 5.38 ± 1.90
Tank 24.01 ± 5.30 584 ± 56 6.38 ± 0.47 0.95 ± 0.37 32.40 ± 3.78 42.03 ± 7.48
Drainfield 2.27 ± 0.91 19.74 ± 4.43 306 ± 224 6.41 ± 0.54 3.07 ± 1.14 14.51 ± 15.99 12.07 ± 5.49
Dissolved 
Oxygen (mg/L)
EP100 Depth to Water Table (m) Temp. (
oC) Electrical Conductivity (!s/cm) pH
Dissolved 
Oxygen (mg/L)
All Four Sites Combined Depth to Water Table (m) Temp. (
oC) Electrical Conductivity (!s/cm) pH
Dissolved 
Oxygen (mg/L)
EP300 Depth to Water Table (m) Temp. (
oC) Electrical Conductivity (!s/cm) pH
Dissolved 
Oxygen (mg/L)
EP200 Depth to Water Table (m) Temp. (
oC) Electrical Conductivity (!s/cm) pH
Dissolved 
Oxygen (mg/L)EP400
Depth to Water 
Table (m) Temp. (
oC) Electrical Conductivity (!s/cm) pH
TDN (mg/L) DOC (mg/L)
TDN (mg/L) DOC (mg/L)
TDN (mg/L) DOC (mg/L)
TDN (mg/L) DOC (mg/L)
TDN (mg/L) DOC (mg/L)
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Figure 3.4. Total dissolved nitrogen values (Shimadzu method) compiled from all 
four onsite wastewater treatment systems, and all four sampling events. !
2.66 ± 1.98 
42.08 ± 11.08 
12.87 ± 9.55 
9.07 ± 0.72 
1.14 ± 0.02 
7.73 ± 1.76 54.21 ± 15.32 
18.64 ± 11.42 
26.68 ± 13.14 
9.63 ± 0.05 
Figure 3.5. Dissolved organic carbon concentrations compiled from all four onsite 
wastewater treatment systems and all four sampling events. !
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190 ± 164!
161 ± 94! 265 ± 336!
582 ± 224!
13 ± 6!
Figure 3.6. Loss on ignition concentrations compiled for all four onsite wastewater 
treatment systems and all four sampling events.  Loss on ignition can be considered a 
proxy for particulate organic carbon (POC).  Tank samples were collected from the 
liquid layer.  If the sludge and scum layer had been included in the sample, LOI values 
would most likely be greater in the tank compared to groundwater. 
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3.4.3 PPCP Detection 
 Caffeine, DEET, homosalate, and ibuprofen were the PPCPs most commonly detected in 
OWTS in Pitt County, NC in August and November 2012.  Detailed information on each 
compound is shown in Table 3.5.  Thirty-two out of thirty-seven samples (86.5%) had detectable 
levels of any of the target PPCPs.  DEET was the compound most frequently detected, in 
groundwater, tank and stream samples combined, (78%) followed by ibuprofen (38%), caffeine 
(35%), and homosalate (19%) (Table 3.6).  Concentrations of these PPCPs were detected most 
frequently in the tank samples (100%), followed by up-gradient samples (87.5%), drainfield 
samples (84.62%), and down-gradient samples (66.67%) (Table 3.6).  There were two stream 
samples collected, one in August and one in November.  One PPCP was detected each month 
(DEET and ibuprofen respectively) in these stream samples.  Caffeine and homosalate were 
more often detected in up-gradient samples than drainfield or down-gradient samples while 
DEET and ibuprofen were more often detected in the drainfield than other locations.  Only two 
compounds, DEET and caffeine, were detected in down-gradient piezometers at sites EP100 and 
EP200.  At site EP400, PPCPs were detected in all six samples (100%).  At sites EP200 and 
EP300, PPCPs were detected in twelve of fourteen and six of seven samples respectively 
(85.71%), while at site EP100 PPCPs were detected in ten of twelve samples (83.33%) (Table 
3.6).  However, samples from sites EP100 and EP200 included down-gradient piezometers, 
further away from the tank, in which we expected fewer detections of PPCPs, which explains 
their lower overall frequency of detection compared to sites EP300 and EP400.  When 
considering only drainfield piezometers at each site, PPCPs were detected in three of four 
samples (75%) at EP100, four of four samples (100%) at EP200, two of three samples (66.7%) at 
EP300, and two of two samples (100%) at EP400.  Caffeine and DEET were detected at all four 
! ! !
!"&!
sites, while homosalate was detected everywhere but site EP200, and ibuprofen was detected at 
all sites except EP300.  This is probably due to variable household usage. 
  
Table 3.5 Characteristics of the PPCPs detected in this study. 
! ! !
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3.4.4 PPCP Concentrations and Site Condition Correlations 
 The average concentration of each compound detected at all four OWTS combined is 
shown in Figure 3.6.  Ibuprofen typically had the highest concentration at each location: up-
gradient (15.53 µg/L), tank (73.78 µg /L), drainfield (3.46 µg /L), and the stream (0.24 µg /L) 
(Figure 3.6).  The highest concentrations of each compound detected were in tank samples at 
each site (Table 3.7). There was a significant negative correlation found between PPCP 
concentration and increasing distance from the tank (!=-0.5623, p-value <0.0001) (Table 3.8). 
 In August 2012, DEET was found in the stream adjacent to sites EP100 and EP200 up to 
52 m from the tank at site EP100, and 36 m at site EP200.  Caffeine was detected up to 38 m 
from the tank at site EP100.  Ibuprofen was detected up to 38 m at site EP100.  Homosalate was 
detected up to 38 m away from the tank at site EP100 (Figure 3.7).  In November 2012, DEET 
was found up to 51 m from the tank at site EP100.  Ibuprofen was detected in the stream adjacent 
to sites EP100 and EP200 up to 52 m from the tank at site EP100 and 36 m at site EP200  (Figure 
3.7).  In both August and November 2012, PPCPs were detected at the furthest distances within 
the drainfield and down-gradient of the OWTS at site EP100.  The drainfield at sites EP100 and 
EP200 was 27-38 m and 8-12 m respectively from the tank.  At sites EP300 and EP400 the 
distance from the tank to the drainfield was 8-19 m and 23 m respectively.  The stream was 
located 15 m from the drainfield at site EP100 and 18 m from the drainfield at site EP200.  
Concentrations of each PPCP, at each individual OWTS, for each month, are shown in Appendix 
VI.   
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Figure 3.7. Average concentration of each pharmaceutical or personal care product detected, 
and the number of detections, by piezometer location at all four onsite wastewater treatment 
systems combined.  !
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Table 3.8. Statistically significant Spearman’s rank correlations of pharmaceutical 
or personal care product concentration, and specific site variables, for all onsite 
wastewater treatment systems, and those of similar particle size distributions 
only. !
PPCP Concentration distance from tank -0.5623 <0.0001
PPCP Concentration DOC 0.3592 0.0021
PPCP Concentration TDN 0.5058 0.0001
PPCP Concentration DO -0.3886 0.0011
PPCP Concentration electrical conductivity 0.4849 <0.0001
PPCP Concentration C/N molar ratio -0.3519 0.0026
PPCP Concentration LOI 0.5524 0.0051
PPCP Concentration distance from tank -0.5977 <0.0001
PPCP Concentration DOC 0.4188 0.0007
PPCP Concentration TDN 0.6020 <0.0001
PPCP Concentration DO -0.4339 0.0006
PPCP Concentration electrical conductivity 0.5815 <0.0001
PPCP Concentration C/N molar ratio -0.3859 0.0019
PPCP Concentration temperature 0.3038 0.0193
PPCP Concentration %HM at screen interval -0.4045 0.0449
PPCP Concentration LOI 0.4918 0.0201
Variable 1 Variable 2 Spearman's Correlation "!" P-value
DOC=dissolved organic carbon (mg/L); TDN=total dissolved nitrogen (mg/L); DO = 
dissolved oxygen (mg/L); LOI=loss on ignition (mg/L); %HM=percent humic matter
All four OWTS 
All four OWTS Drainfield only
OWTS excluding EP300
Drainfield only excluding EP300
! ! !
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Figure 3.8. Concentration of each pharmaceutical or personal care product detected in µg L-1, 
by site and distance from tank, in August and November 2012.  Zero distance from tank is the 
tank itself. The drainfield was located 27-38 m away from the tank at site EP100, 8-12 m at 
site EP200, 8-19 m at EP300, and 23 m at EP400.  Down-gradient piezometers at sites EP100 
and EP200 were located 51 m and 32-34 m respectively. The stream was located 52m away 
from the tank at EP100 and 36m from the tank at site EP200. For nested piezometers the 
depth with the highest concentration is reported.   !
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 Looking at all four OWTS combined, there was a significant positive correlation between 
PPCP concentration and DOC and TDN concentration (!=0.3592, p-value 0.0021 and !=0.5058, 
p-value 0.0001 respectively).  In addition PPCP concentrations were negatively correlated with 
the dissolved carbon to nitrogen molar ratio (DOC:TDN) and DO, and positively correlated to 
electrical conductivity (!=-0.3519, p-value 0.0026; !=-0.3886, p-value 0.0011;  !=0.4849, p-
value <0.0001, respectively) (Table 3.8).  When comparing just the drainfield piezometers at all 
four OWTS, the only significant correlation observed was between PPCP concentration and LOI 
(!=0.5524, p-value 0.0051).  When only those sites with similar soil particle size distributions 
were compared (EP100, EP200, and EP400) there was an additional positive correlation between 
PPCP concentration and temperature (!=0.3038, p-value 0.0193), and negative correlation 
between PPCP concentration and percent humic matter at piezometer screen interval (!=-0.4045, 
p-value 0.0449) (Table 3.8).  Again, looking at only the drainfield piezometers at the three sites 
with similar particle size distributions, the only statistically significant correlation was between 
PPCP concentration and LOI (!=0.4918, p-value 0.0201) (Table 3.8).  A complete list of 
correlations can be found in Appendix IV.    
 An estimated loading rate was calculated for each PPCP from the tank to the drainfield 
soil and from the tank to the underlying groundwater, at each of the four OWTS sites.  The 
loading rate of caffeine from the tank to the soil ranged from 83.75 ± 73.26 to 361.15 ± 280.03 
mg/person/month (Table 3.9).  The subsequent caffeine loading from the tank to the groundwater 
beneath the drainfield was only measurable at site EP100 (2.25 ± 0.57 mg/person/month)  (Table 
3.10).  For DEET loadings from the tank to the soil ranged from 1.71 (no standard deviation 
could be calculated) to 38.49 ± 50.04 mg/person/month while loadings from the tank to the 
groundwater ranged from 0.05 ± 0.003 to 6.04 ± 3.62 mg/person/month.   Homosalate loadings 
! ! !
!+$!
from the tank to the soil ranged from 3.87 (no standard deviation could be calculated) to 31.54 ± 
22.59 mg/person/month, while loadings from the tank to the groundwater were only measurable 
at site EP100 (1.83 mg/person/month with no standard deviation).  Loading of ibuprofen from 
the tank to the soil ranged from 13.86 (no standard deviation could be calculated) to 524.56 ± 
185.02 mg/person/month while loadings from the tank to the groundwater ranged from 15.99 ± 
17.84 to 33.47 ± 0.96 mg/person/month (Figures 3.9 & 3.10). The two sites that exhibited the 
highest PPCP loading rates from the tank to the soil were EP100 and EP400 (Table 3.9).  The 
compounds with the highest loading rates from the tank to the soil were ibuprofen followed by 
caffeine.  Ibuprofen also had the highest estimated loading rate into the groundwater at sites 
EP100 and EP200 (Table 3.10).  However, loading rates from the tank to the groundwater were 
fairly small (0.05-16 mg/person/month range depending on the compound).  While ibuprofen and 
caffeine exhibited the highest loading rates from the tank to the soil at site EP400 they were not 
detected at all within the groundwater at site EP400 (Table 3.10), indicating possible attenuation 
in the vadose zone.   
 Actual urinary excretion of PPCPs is highly variable and depends on a variety of factors 
including age, physical condition, interference of other medications, and various other factors.  
However, in order to determine if our estimated loading rates were comparable to what might be 
expected from these systems, an average single dosage of each compound, and the percentage 
and concentration of the dosage excreted in human urine, was estimated based on literature 
values (European Commission, 2007; Grosso & Bracken, 2005; ATSDR, 2004; Ascend 
Laboratories, 2009). Average daily water use was estimated based on the average monthly water 
use for each household in this study, divided by thirty days.  The expected daily load from the 
tank to the soil was calculated by dividing the expected concentration excreted by each 
! ! !
!+%!
household (based on the number of residents) by the average daily water use.   The expected 
monthly concentration in the OWTS for each compound was calculated by assuming the 
expected daily load over a thirty-day period  (Table 3.11).  A very small percentage of each 
PPCP is actually excreted unchanged in the urine.  Therefore, the estimated loading rates found 
in this study are elevated compared to what may actually be expected from a system (Table 
3.11).  However, usage rates of each PPCP vary widely depending on the individual as well as 
the household, and determining an actual loading rate would require more information from the 
homeowners on PPCP usage.   
 The effective porosity at each site was estimated to fall within the range of 0.06-0.33 
cm3/cm3 (McWorter & Sunada, 1977), for sandy clay loam soils.  Using this range of effective 
porosities, a range of potential groundwater velocities was calculated for each of the four OWTS.  
At sites EP100 and EP200, the stream is 15 m and 18 m, from the drainfield trenches 
respectively.  At site EP100 the estimated velocity was 0.05-0.26 m day-1, while at site EP200 it 
was 0.03-0.18 m day-1.  This would result in groundwater from the drainfield reaching the stream 
at site EP100 over a period of 58-300 days and 100-600 days at site EP200.  Detailed 
information on individual site calculations is included in Appendix VI.  The slower the 
movement of groundwater from the surficial aquifer to the stream, the more likely both nutrients 
and PPCPs will be attenuated.   
3.4.5 Results of Quality Assurance 
 Two replicate samples were taken in August 2012 in a drainfield piezometer at site 
EP100 (110) and a down-gradient piezometer at site EP200 (212).  The results between replicate 
samples were not consistent with EP110 rep 1 having ibuprofen and EP110 rep 2 having 
ibuprofen, DEET, and caffeine detected.  EP212 rep 1 had DEET and caffeine detected while rep 
! ! !
!+&!
2 only had DEET detected.  Four field blanks were employed in November 2012 and PPCPs 
were not detected in any of the four blanks.  In addition, PPCPs were not detected in laboratory 
blanks from August and November 2012.  
 
 
 
 
  
Table 3.9. Estimated pharmaceutical and personal care product loading rates from the 
tank to the soil beneath the drainfield, at each onsite wastewater treatment system. !
EP100 644.33 67.46 43,467 0.87 4 216.36 ± 197.46
EP200 518.00 67.45 34,939 0.45 2.5 181.43 ± 217.65
EP300 350.67 38.89 13,637 0.17 2 83.75 ± 73.26
EP400 925.33 42.03 38,892 1.44 4 361.15 ± 280.03
EP100 644.33 7.96 153,955 0.15 4 38.49 ± 50.04
EP200 518.00 2.15 33,448 0.03 2.5 13.38 ± 9.76
EP300 350.67 0.32 3,414 0.00 2 1.71*
EP400 925.33 0.78 21,592 0.02 4 5.40 ± 4.85
EP100 644.33 6.31 121,916 0.12 4 30.48 ± 26.10
EP200 518.00 ND 2.5
EP300 350.67 0.74 7,732 0.01 2 3.87*
EP400 925.33 4.55 126,171 0.13 4 31.54 ± 22.59
EP100 644.33 108.55 2,098,244 2.10 4 524.56 ± 185.02
EP200 518.00 2.23 34,652 0.03 2.5 13.86*
EP300 350.67 ND 2
EP400 925.33 74.78 2,075,785 2.08 4 518.95 ± 465.98
Average Caffeine Load from Tank to Soil
Site ID Water Use (L/day)
Average Caff. in 
Tank (µg/L)
Caff. Load 
(µg/month)
Caff. Load 
(g/month)
# of 
residents
Average Caff. Load ± Stnd. 
Dev.  (mg/person/month)
Average Homosalate Load from Tank to Soil
Site ID Water Use (L/day)
Average Hom. 
in Tank (µg/L)
Hom. Load 
(µg/month)
Hom. Load 
(g/month)
# of 
residents
Average Hom. Load ± Stnd. 
Dev.  (mg/person/month)
Average DEET Load from Tank to Soil
Site ID Water Use (L/day)
Average DEET 
in Tank (µg/L)
DEET Load 
(µg/month)
DEET Load 
(g/month)
# of 
residents
Average DEET Load ± Stnd. 
Dev.  (mg/person/month)
!"#$"%&'()'*)")+,-'&-$(".$/0)"1+".'0./0'&+)"1+.'/%+"&2+*+"3'%"$(04"$(+"%'560+")+&+.&+)7
Average Ibuprofen Load from Tank to Soil
Site ID Water Use (L/day)
Average Ibu. in 
Tank (µg/L)
Ibu. Load 
(µg/month)
Ibu. Load 
(g/month)
# of 
residents
Average Ibu. Load ± Stnd. 
Dev.  (mg/person/month)
! ! !
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3.5 Discussion 
3.5.1 Quality Assurance 
 The two replicate samples taken in August 2012 had inconsistent results with regards to 
PPCPs detected.  Both the field and laboratory blanks did not have PPCPs detected so the 
discrepancies in replicates are probably not due to sample contamination.  Most likely, the 
difference between sample replicates is due to the nature of sampling.  Each sample was a “grab 
sample” taken individually.  Because PPCPs typically contain both hydrophobic and hydrophilic 
functional groups (Table 3.6), their fate in aqueous systems is likely to be variable.  Thus, they 
may not be homogenously distributed throughout the water column and it is possible that one 
500mL sample will contain PPCPs that are not detected in a separate 500mL sample.  This is 
further discussed in section “3.5.4 Recognized Limitations.”   
 Some PPCPs were detected in up-gradient piezometers at each site, with Ibuprofen and 
DEET being detected in the highest concentrations up-gradient.  These OWTS are not isolated 
systems but are surrounded by other active OWTS in the Eastern Pines area of Greenville, NC.  
It is very likely that surrounding OWTS are influencing up-gradient piezometers at each site.  
This is especially true for site EP100 where it is likely the up-gradient piezometers are being 
influenced by the older system at this residence.  The system being sampled was the repair area, 
and the up-gradient piezometers are down-gradient of the original drainfield trenches.  It may be 
possible that these older trenches are still receiving limited wastewater flow from the residence.  
The individual site PPCP concentrations shown in Appendix A.VI confirm that site EP100 is 
responsible for much of the up-gradient piezometer PPCP detections.   
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3.5.2 Discussion of Results and Behavior of Individual Compounds 
 Results from the environmental parameters measured at each site indicate that the 
wastewater plume was indeed influencing piezometers sampled for PPCPs, as it migrated away 
from the holding tank.  This was discussed in detail in chapter two.  Electrical conductivity is 
expected to increase with the influence of wastewater because of the abundance of dissolved 
solids.  In addition, the dissolved oxygen is expected to decrease with wastewater influence 
because of the high biological oxygen demand of wastewater.  Both of these trends were evident 
in the data (Table 3.4).  The TDN and DOC concentrations are expected to decrease with 
increasing distance from the OWTS as they become attenuated.  This trend was observed for 
TDN, but the down-gradient DOC concentrations were slightly elevated compared to drainfield 
concentrations.  This could be due to the high percentage of organic matter in the soil (Bibb 
series) near the streambed at sites EP100 and EP200.  Thus, if the tanks had concentrations of 
PPCPs similar to nitrogen and carbon, then it would be expected that PPCPs would be detected 
throughout the drainfield.  In addition to increasing distance from the tank, concentrations of 
nutrients and PPCPs could be expected to decline and become diluted with groundwater recharge 
from precipitation.  The average monthly precipitation values for Greenville, NC are included in 
Appendix VI.   
 According to NC onsite wastewater regulations all four sites should have at least a 30 cm 
vertical separation distance between the trench bottom and the water table (North Carolina 
Administrative Code 15 A NCAC 18 A.1942).  Only sites EP300 and EP400 comply with these 
regulations. Studies have shown that this aerobic unsaturated soil zone plays a large role in the 
degradation and removal of PPCPs (Swartz et al., 2006; Conn et al., 2006; Godfrey et al., 2007) 
through microbial degradation and sorption.  Pharmaceuticals and personal care products were 
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frequently detected at all four residential sites (83.33-100%), but were typically detected in 
higher concentrations at site EP100 where there was a smaller separation distance between the 
trench bottom and the water table (Appendix VI).  At sites EP100 and EP200, PPCPs were 
sampled for, and detected, at distances furthest away from the tank, and in the adjacent stream 
while sites EP300 and EP400 did not include any down-gradient samples.  At site EP100 both 
DEET and ibuprofen were detected up to 52 m away from the tank.  At site EP200 DEET and 
caffeine were detected up to 36 m away from the tank.  So for site EP100 and EP200, the limited 
separation distance from the trench bottom to the groundwater may have enabled PPCPs to act in 
a more conservative manner than at the other two sites EP300 and EP400.    In addition, the 
compounds with the highest estimated loading rates from the tank to the drainfield soil were 
ibuprofen and caffeine at sites EP100 and EP400.  However, only site EP100 had any 
measurable loading of both compounds from the tank to the groundwater beneath the OWTS.  
This is probably due in part to the attenuation of PPCPs within the thicker vadose zone beneath 
site EP400 (1.83 m).  It is important to mention that at site EP100 the repair OWTS area is being 
utilized.  Prior to installation of this repair area, the homeowners had a French drain installed and 
dug a rudimentary drainage ditch.  The presence of this ditch may facilitate transport of 
wastewater and PPCPs at this site.    
 Concentrations of PPCPs largely depend on loading rate, wastewater residence time in 
the soil, environmental characteristics, as well as specific contaminant and usage properties 
(Lapworth et al., 2012).  The concentration of PPCPs detected in this study was significantly 
correlated with distance from the tank but not correlated with piezometer depth or loading rate.  
Other studies have found similar patterns of PPCP concentration in unconfined aquifers (Kuroda 
et al., 2011; Fram & Belitz, 2011). Sorption of PPCPs onto organic matter in the soil and 
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unsaturated zone can be important in terms of PPCP accumulation, bioavailability, and 
degradation (Lapworth et al., 2012).  The log KOW value is often used as an indicator of the 
likelihood of a compound to partition into the solid phase or absorb onto organic material.  Low 
log KOW values indicate higher solubility of the compound into the aqueous phase.  For example, 
Caffeine has a log KOW of -0.07 (Table 3.5) and is not expected to adsorb readily to organic 
material.  Ibuprofen would be expected to have a higher chance of sorption with a log KOW of 
3.97, but its negative charge may make it more mobile in negatively charged soils. Our results 
indicate that there is a weak correlation between all our PPCP concentrations and DOC 
concentration (!=0.3592, p-value 0.0021), which may be explained by sorption to DOC slightly 
increasing the solubility of these compounds, or DOC competing with these compounds for 
binding sites on the soil.  However, this correlation is not present when just the drainfield 
piezometers are compared.  It is not surprising that DEET and Ibuprofen were detected most 
frequently in the groundwater at these study sites, as other studies have indicated high 
frequencies of detection in both ground and surface water (Kolpin et al., 2002, Barnes et al., 
2008, & Focazio et al., 2008).  This could be due in part to the fact that a higher percentage of 
DEET is excreted in urine unchanged (<8.0%) and a single dosage of DEET or ibuprofen tends 
to be larger compared to caffeine or homosalate (Table 3.11). Caffeine is expected to degrade 
fairly quickly, especially under oxic conditions, which may explain its lower frequency of 
detection (Bradley et al, 2007).  Not much physicochemical information is available on the 
sunscreen agent homosalate, but it does have the lowest solubility of the compounds included in 
this study.   The ability to predict PPCP concentrations based on physical properties and site 
characteristics is complicated by the fact that chemical and physical parameters are related and 
interact with each other to determine the fate of the compound.   Concentrations of PPCPs 
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detected in this study also largely depend on household practices, usage, and demographics.  A 
household with an older population will likely have a higher usage of PPCPs compared to a 
house with young children.  Specific household usage and distinguishing demographic 
characteristics were not included in this study.  This is further discussed in section “3.5.4 
Recognized Limitations.” 
3.5.3 Potential Implications of PPCPs Detected 
 The detection of PPCPs within groundwater and surface water resources is concerning 
because it indicates that domestic wastewater is potentially infiltrating and polluting water 
resources.  With the presence of wastewater there is the potential for the presence of other 
pathogens that could be harmful to public health.  It has been proposed that PPCPs such as 
caffeine could be used as a potential indicator of anthropogenic influence and wastewater 
infiltration into water resources (Ferreira et al., 2011; Bradley et al., 2007; Müller et al., 2012).  
While caffeine and ibuprofen are of interest in terms of serving as wastewater indicators there is 
a lack of published data documenting negative impacts on the aquatic ecosystem from exposure 
to these compounds.  A few recent studies have indicated that ibuprofen has some antibacterial 
and antifungal properties (Sanyal et al., 1993; Elvers & Wright, 1995; Chowdhury et al., 1996).  
Ibuprofen has also been shown to stimulate growth of a cyanobacterium and inhibit growth of a 
duckweed (Pomati et al., 2004).  A study by Bunch and Bernot (2011) showed that PPCPs exert 
an adverse effect on microbial activity.  Specifically, net ammonium nitrogen uptake was 
reduced in response to caffeine exposure (Bunch & Bernot, 2011).  If microbes preferentially 
utilize PPCPs as a source of nitrogen, there is the potential for less nitrogen to be removed from 
the water system resulting in algal blooms, lower available oxygen, and eutrophic conditions.  
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Ammonium was a predominant form of nitrogen in the groundwater at sites EP100 and EP200 
and may be sensitive to the presence of caffeine.   
 Homosalate is a UV filter used in many sunscreens and cosmetic products.  Homosalate 
has been found to exhibit estrogenic effects by acting antagonistically towards the androgen and 
progesterone receptors (Schreurs et al., 2004).  The potential endocrine disrupting ability of 
homosalate and other UV filters makes them a concern because of their potential environmental 
effects within the aquatic environment.  In addition, these compounds tend to be highly lipophilic 
and more likely to accumulate within the environment (Schlumpf et al., 2001).   
 DEET is one of the most common active ingredients in insect repellants and is widely 
used in the US.  The US Environmental Protection Agency (EPA) has characterized DEET as 
slightly toxic to birds, fish, and aquatic invertebrates and practically nontoxic to mammals (US 
EPA, 1998).  Caffeine, ibuprofen, homosalate, and DEET may have the potential to disrupt 
resident microbial communities and influence the natural biogeochemical cycling in the aquatic 
environment.  Therefore, detection of these PPCPs in water resources raises concern.   
3.5.4 Recognized Limitations 
  This study design, which was constrained by both funding and time, had some inherent 
limitations.  First, many PPCPs are metabolized by the body and excreted in metabolite form 
along with some of the remaining parent compound.  This study focused on detection and 
quantification of the parent compound, and did not include any common metabolites.  Second, 
the fact that there was no knowledge of household usage and actual PPCP input into the OWTS.  
If specific PPCPs were not detected within the septic tank but were detected beneath and down-
gradient of the OWTS we could not be absolutely positive that they were originating from that 
particular system.  In addition, if PPCPs were being used within the household and subsequently 
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not detected in the tank or groundwater system, this could provide valuable data in terms of 
compound specific attenuation characteristics.  In the future, it would be helpful to obtain 
specific demographic data in regards to age and health status of individuals residing at each 
residence, in addition to specific medications used and daily dosages.  Third, the study is limited 
in regards to the nature of sampling.  Grab samples may not sufficiently capture the 
presence/concentrations of PPCPs.  A review conducted by Ort, Lawrence, Rieckermann, and 
Joss (2010) discusses the importance of concentration variations determining the sampling 
frequency.  In an OWTS, effluent flow is not constant throughout the day, but varies based on 
usage of the system and whether people are home and utilizing the system.  In addition, PPCP 
use is highly variable during different times of the day or year.  It can take a number of days for 
wastewater effluent to disperse from the septic tank to the drainfield.  The number of sampling 
events, as well as the sampling time, limits the present study results.  All sampling events took 
place during the morning or midday, and only one 500 mL grab sample was collected at each 
piezometer.  Therefore, those PPCPs that are rarely used, or are present in low concentrations, 
may not have been captured by the sampling method. In addition, only two of our four study 
sites contained piezometers down-gradient of the drainfield. Sampling methods probably do not 
provide a representative picture of PPCP presence and transport through the system throughout 
all temporal and climactic conditions.  This study was limited to a very narrow geological setting 
in Eastern NC.  Other settings may experience different precipitation rates and correspondingly 
experience differences in groundwater recharge rates, which could affect PPCP concentrations.  
However this study does provide a “snapshot” view of the presence and potential transport of 
PPCPs throughout OWTS in this area.   
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3.6 Conclusion 
 Previous studies have mostly focused on the occurrence of PPCPs within wastewater 
treatment plant effluents.  Fewer studies have analyzed the fate and transport of PPCPs within 
OWTS.  Thus, less is known about the effectiveness of OWTS in removing or reducing the 
concentrations of PPCPs.  This study sheds some light on the behavior of PPCPs within OWTS 
in Eastern NC.  The large volume of wastewater discharged by OWTS in eastern NC, especially 
near sensitive coastal ecosystems, make the presence of PPCPs a concern for both homeowners 
and policymakers.   
 The collection of field data on how effective these systems are in treating PPCPs could 
potentially influence septic system policies and guidelines. North Carolina Administrative Code 
15 A NCAC 18 A.1900 suggests that homeowners maintain a fifteen-meter horizontal setback 
distance from the OWTS drainfield to private wells and surface water bodies.  The results of our 
study indicate that this horizontal setback may not be adequate to control for some trace organic 
contaminants originating from OWTS.  In the three sites with group III soils (sandy clay loam) 
DEET and ibuprofen migrated up to 52 m away from the tank to the adjacent stream, which is 15 
m from the drainfield (EP100).  In addition, caffeine and homosalate migrated up to 38 m from 
the tank, but were not detected in the adjacent stream 18 m from the drainfield (EP200). DEET 
was detected in the drainfield 23 m from the tank at site EP400, but unfortunately no down-
gradient piezometers were installed at this site so there is no knowledge of the spatial extent of 
detection at this site.   
 Vertical separation distance and horizontal setback distances are especially important in 
terms of protecting aquatic resources from micro-pollutant contamination.  Future work should 
include sorption studies on each compound with each particular soil type found in Eastern NC in 
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order to better understand the removal and attenuation processes occurring in this part of the 
state.  This would allow compounds to be better characterized in terms of the likelihood to 
persist and migrate into surface water bodies.  In addition, more frequent sampling, and sampling 
over a broader range of dates, would indicate any relevant seasonal or temporal variations in 
PPCP concentrations.  Sampling in non-residential areas and areas with a higher density of 
prescription drug users could also provide an indication of the overall loading rate of these 
compounds to certain areas of the state.   
!!
CHAPTER 4:  Overall Conclusions and Management Implications 
 The high volume of wastewater discharged to the subsurface by OWTS in Eastern NC 
could be contributing to non-point source nutrients such as TDN, DOC, and PPCPs into nutrient 
sensitive rivers, estuaries, and the ocean.  Soils in coastal NC tend to be sandy and permeable.  
Along with a shallow water table, Eastern NC counties may be at higher risk for pollution of 
unconfined aquifers, groundwater, and surface water.   
 Chapter two discussed the fate and transport of TDN and DOC from four residential 
OWTS located in the Tar-Pamlico river basin in Pitt County, NC.  Treatment efficiencies from 
the tank to the drainfield ranged from 32-95% for TDN and 45-82% for DOC.  It was found that 
the site with the highest clay content (EP300) exhibited higher TDN and DOC attenuation 
compared to the other three OWTS with lower clay content in the soil.  Adequate vertical 
separation distance from the trench bottom to the water table was inversely correlated with DOC 
concentrations and positively correlated with nitrate concentrations, indicating that vertical 
separation distance plays an important role in oxidation and reduction of nutrients, and in overall 
wastewater treatment.  The highest estimated loading rate of TDN from the tank to the 
groundwater beneath the drainfield trenches was 1.70 ± 1.00 kg/person/year.  The highest 
estimated loading rate of DOC from the tank to the groundwater was 2.12 ± 0.80 kg/person/year.  
Both of these loads are probably overestimated, and nutrients most likely undergo additional 
attenuation further down-gradient.  This is especially true if the nitrate form of TDN is most 
abundant and can undergo denitrification in the presence of abundant carbon near-stream.   
 Chapter three presented PPCP data from the same four residential OWTS in Pitt County, 
NC.  The PPCPs most commonly detected in the OWTS, and in the groundwater down-gradient 
were: DEET, ibuprofen, caffeine, and homosalate, in low concentrations of µg L-1. Looking at all 
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four OWTS combined, there was a significant positive correlation between PPCP concentrations 
and DOC and TDN concentrations.  In addition, there was a significant negative correlation 
between the concentrations of PPCPs detected and distance from the tank.  The highest estimated 
loading rates from the tank to the groundwater were observed for ibuprofen (33.47 ± 0.96 
mg/person/month) and DEET (15.19 mg/person/month, no standard deviation available).  
However, it is likely that these concentrations would be further attenuated down-gradient of the 
system and within the stream bank, before entering surface water.  Potential PPCP loads into 
surface waters are probably much smaller.  The only PPCPs detected within the surface water 
stream draining two OWTS were ibuprofen (0.24 µg L-1) and DEET (0.19 µg L-1).  When 
estimated loading rates were compared to expected loads based on daily dosage and excretion 
concentrations of each compound, the estimated loads appear to be elevated compared to 
expected loading rates of each PPCP.  This illustrates the difficulty in calculating an accurate 
loading rate of chemicals that have such varied usage, excretion rates, and behavior in the 
environment.   
 Results indicate that OWTS are having an impact on both shallow groundwater and 
adjacent surface water in terms of nitrogen, carbon, and PPCP influx.  The extent of the impact 
on water quality seems to be dependent on a variety of factors including wastewater-loading rate, 
vertical separation distance from trench bottom to water table, and soil type.  According to NC 
onsite wastewater regulations group I soils should have at least a 45 cm vertical separation 
distance between the trench bottom and the seasonal high water table, while group II-IV soils 
should have at least 30 cm separation distance.  All the OWTS in the present study were group II 
or III soils.  The two sites exhibiting the least effective treatment of TDN, DOC and PPCP 
attenuation were the two sites (EP100 and EP200) that had less than 10 cm vertical separation 
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distance between the trench bottom and the water table.  The other two sites had more than 60 
cm separation distance.   
 According to current NC state regulations EP100 and EP200 would be considered failing 
systems.  However, the two sites exhibited nitrogen treatment efficiencies from the tank to the 
nearby stream of 98% and 97% respectively.  This would indicate that despite the lack of an 
aerobic zone, nitrogen is still being attenuated at these two sites.   This may indicate the need to 
re-vise the definition of a “failing system.”  With abundant vertical separation there is high 
potential for ammonium to oxidize to nitrate, which in the presence of organic matter will have 
the chance to denitrify to nitrogen gas, decreasing levels of nitrate in ground and surface water.  
However, with too large of a vadose zone there is the potential for all the organic matter to 
oxidize to carbon dioxide which may prevent denitrification of nitrate.   While a small vertical 
separation distance may be sufficient for some nitrogen attenuation, it may not be adequate for 
microbial pathogens, DOC, phosphorous, and other pollutant attenuation.  Ultimately, more 
research is needed in order to determine the most accurate minimum vertical separation distance 
needed for each soil type in this region of the state to maximize wastewater treatment.  
 North Carolina Administrative Code (15 A NCAC 18 A.1900) suggests that homeowners 
maintain a fifteen-meter horizontal setback distance from the OWTS drainfield to private wells 
and surface water bodies.  The results of our study indicate that this horizontal setback may not 
be adequate to control for some trace organic contaminants originating from OWTS.  In two sites 
(EP100 and EP200) with group III soils (sandy clay loam) DEET and ibuprofen migrated up to 
52 m and 36 m away, respectively, from the tank to the adjacent stream, which is15 m from the 
drainfield at site EP100, and 18 m from the drainfield at site EP200.  In addition, caffeine and 
homosalate migrated up to 38 m from the tank at site EP100, but were not detected in the 
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adjacent stream.   More research is needed to better determine the minimum horizontal setback 
distance needed to maximize TDN, DOC, and PPCP treatment, and prevent drinking water or 
surface water contamination.   
 Maximum inputs of TDN, DOC, and PPCPs can be expected from sites where OWTS 
have very little vertical separation distance from the trench bottom to the water table and little-
to-no vadose soil zone.  In addition, OWTS that have a smaller setback distance from surface 
water bodies, and little-to-no vegetated riparian zone can be expected to exhibit less attenuation.  
With global warming and sea-level rise, coastal flood plains are probably more at risk than other 
localities of flooding and erosion of stream banks.  Keeping this in mind, policy makers should 
consider more stringent OWTS regulations in the future, to control these non-point sources of 
nutrients and pollutants, especially in the coastal areas of NC where sandy soils and a shallow 
water table dominate.   
 More research needs to be done before any of the PPCPs analyzed in this study could 
potentially be utilized as alternative wastewater tracers.  Ibuprofen, caffeine, and homosalate all 
have very low percentages of the parent compound excreted in urine (<2.0%).  However, DEET 
is expected to excrete <8.0% of the dosage unchanged.  In addition, DEET seems to be relatively 
stable in the environment based on its high frequency of detection.  While only a small 
percentage of the dose of ibuprofen is expected to be excreted, the typical dosage of ibuprofen is 
much higher than that of caffeine or homosalate.  People typically consume ibuprofen in 400, 
600, or 800 mg doses which would result in higher concentrations being excreted overall.  Of the 
four compounds included in this study, DEET and ibuprofen show the highest potential to be 
utilized as an alternative wastewater tracer but more research is needed before implementation.   
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 The Pamlico-Tar River Foundation (PTRF) in Eastern NC currently partners with 
Operation Medicine Cabinet to implement pharmaceutical drop-off days.  The Foundation has 
attempted to educate the public in regards to proper disposal of unused medications in the area.  
Public outreach and education similar to that of the PTRF could continue to help mitigate PPCP 
concentrations in groundwater resulting from OWTS.  If OWTS PPCP inputs are limited to what 
is naturally excreted by the human body, then concentrations should remain low in ground and 
surface water resources.   
 While this study provides an initial snapshot of nutrient and PPCP detection, transport, 
and fate, additional studies are needed to fully quantify the potential environmental impact of 
OWTS on local water quality.  Potential suggestions for future study include:  
 
1) More frequent sampling and sampling over a broader range of dates would indicate any 
relevant seasonal or temporal variations in PPCP concentrations.  A larger sample size in 
general would help strengthen and reinforce any significant correlations.   
2) Characterizing the speciation of nitrogen and factions of DOC beneath these residential 
OWTS and determining transport and fate of the individual nutrient components, as well 
as if certain factions of DOC have a greater influence on PPCP transport and fate.    
3) Determine actual loading rates of TDN, DOC, and individual PPCPs from OWTS into 
the surface water streams adjacent to these OWTS.   
4) Determine potential loading rates of TDN, DOC, and PPCPs from OWTS on a watershed 
scale.  In addition, comparing the density of OWTS to surface water concentrations of 
PPCPs in different watersheds.   
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5) Look at PPCP detections at non-residential sources such as offices, schools, commercial 
businesses, and retirement communities to determine if source type impacts detection, 
concentrations, and potential risk.   
6) Sorption studies on each compound, with each particular soil type found in Eastern NC, 
in order to better understand the removal and attenuation processes occurring in this part 
of the state. 
 Increased research into the specific regional sources, especially OWTS, of PPCPs, as 
well as the potential fate of each individual compound in the environment, is needed to better 
understand any potential risk they may pose to the aquatic ecosystem.  In addition, the 
contribution of OWTS to nutrient loading such as TDN and DOC into the coastal ecosystem, as 
well as their interactions with specific PPCPs is important to guide nutrient management 
strategies in NC.  
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Appendix I.  Site Maps of Onsite Wastewater Treatment Systems  
!
       Figure AI.1. Piezometer layout for onsite wastewater treatment system EP100. 
!
       Figure AI.2. Piezometer layout for onsite wastewater treatment system EP200. 
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 Figure AI.3. Piezometer layout for onsite wastewater treatment system EP300. 
!
 Figure AI.4. Piezometer layout for onsite wastewater treatment system EP400. 
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Appendix II. Relative Elevation of Groundwater Monitoring Piezometers at each Onsite 
Wastewater Treatment System 
 
 !
 
 
 
Table AII.1. Relative elevation of each piezometer at 
each OWTS along with the elevation of the water 
table at each sampling event. 
Piezometer Relative Elevation (m.)
EP100 Jan-12 May-12 Aug-12 Nov-12
101 13.70 12.41 12.45 12.95 12.98
102 13.67 12.47 12.50
103 13.21 12.35 12.31 12.91 12.94
104 12.90 12.15 12.16
105 13.01 12.30 12.39
106 12.32 11.46 11.33
107-S 12.53 11.36 11.37
107-D 12.51 11.34 11.35
108-S 12.44 11.27 11.36
108-M 12.52 11.27 11.23 11.25
108-D 12.52 11.27 11.21 11.32 11.22
109-S 12.44 11.34 11.27
109-D
110s 12.90 12.27 12.23 12.47 12.56
110d
EP200 Jan-12 May-12 Aug-12 Nov-12
201 13.48 11.70 11.68 12.49 12.38
202 13.07 12.30 12.28 12.58 12.77
203 13.25 11.85 11.80 12.43 12.50
204 12.99 11.80 11.61
205 12.01 11.41 11.41
206 11.95 11.34 11.16
207-S 11.93 11.19 11.03
207-D 11.98 10.00 11.05
208-S 11.79 11.18 10.78
208-D 11.76 11.12 11.04
209-S 11.90 11.15 11.06 11.41
209-D 11.81 11.22 10.94 11.08
210-S 11.63 11.06 10.76
210-D 11.67 11.05 10.96
211 11.88 11.06 11.04
212-S 12.03 11.24 11.16 10.81 11.25
212-D 12.05 11.42 11.32 11.68 11.56
213 12.22 11.34 10.94
EP300 Jan-12 May-12 Aug-12 Nov-12
300 BG 13.76 12.83 12.87 13.15 13.09
301 13.63 12.56 12.53 12.53
302 13.61 12.63 12.56 12.70
303 13.49 12.40 12.40 11.08
304 13.33 12.41 12.28
305 13.19 12.20 12.03
306 13.33 12.29 11.97
307 13.25 12.17 11.88
308 13.26 12.16 11.95
309 13.29 12.18 12.02
310 13.16 12.20 11.20
311 13.32 12.22 12.10
EP400 Jan-12 May-12 Aug-12 Nov-12
401 16.68 13.42 13.48
402 16.50 13.40 13.51 15.17 14.85
403 16.89 13.47 13.58 14.89
Elevation of Water Table (m.)
!!
 
Appendix III. Soil Profile Data for Piezometer Locations at each OWTS Study Site 
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! !
Table AIII.1. Soil profile data for piezometers at OWTS EP100. 
Table AIII.2. Soil profile data for piezometers at OWTS EP200. 
!"#$ %&'()*+',-) ./0)12# !/33 $/.# #/! 14 $/3 0/!
#$"3$ %&'()*+',-) ./0)321 !/$5 $/.6 $/6 46 !/1 0/6
3$"$!. +',-)*7%') $!)8023 !/!6 $/$6 1/0 05 $/6 1/5
$!."$0. +',-)*7%') $!)8021 !/!1 $/$1 #/5 #4 ./1 0/!
$0.9 +',-)*%&'( $!)8323 !/!6 $/.$ ./4 #4 $/4 0/$
!"1# +',-)*%&'( $!)812. $/#$ $/$6 0/# 4! $/3 0/4
1#"0# %&'(:*+;%<)*7%')*%&'( $!)8.2$ ./6. $/$6 1/. 0. ./! 3/$
0#"6$ +',-)*%&'( ./0)02. !/43 $/.5 ./$ 0. $/! 3/.
6$9 +',-)*7%') $!)8023=>< !/!1 $/$! #/5 0# $/5 0/$
!"13 +',-)*%&'( $!)8#2. !/64 $/$5 3/5 46 $/1 0/3
13"33 +',-)*%&'( $!)812. $/#4 $/.. 1/! 3! $/3 0/#
33"56 7%')*%&'( $!)8.2$ 1/#. $/!! 4/0 04 #/. 1/5
56"$..9 7%') $!)8.2$ 1/36 !/60 4/6 01 #/3 1/3
!"#$ +',-)*%&'( $!)802# !/33 $/.1 1/4 41 $/. 0/3
#$"3$ +',-)*%&'( $!)812. !/6. $/$$ 3/# 45 $/1 0/4
3$"56 7%') $!)8#2. ./.6 $/!1 3/3 30 ./# 0/.
56"$$.9 7%') $!)8#2$ 1/03 !/6# 5/4 06 #/3 1/6
!"#$ +',-)*%&'( $!)812# !/6. $/$4 #/6 ## ./3 1/0
#$"13 +',-)*%&'( $!)8#2# $/#$ $/$0 #/6 #5 ./1 0/!
13"56 +',-)*%&'( $!)812# !/03 $/.4 ./0 15 $/# 0/3
56"$..9 +',-)*7%')*%&'( $!)8#2. !/53 $/$6 1/$ 3$ $/3 0/!
EP206 Down-
gradient
EP211 Down-
gradient
EP212 Down-
gradient
Cation 
Exchange 
Capacity
Base 
Saturation 
(%)
Exchangeable 
Acidity pH
EP201 Up-gradient
EP202 Drainfield
Site Location Depth (cm.) Soil Texture Matrix
Humic 
Matter 
(%)
Weight/Volume 
(g/cm3)
!"#$ %&'()*+',-) ./0)12# !/33 $/.# #/! 14 $/3 0/!
#$"3$ %&'()*+',-) ./0)321 !/$5 $/.6 $/6 46 !/1 0/6
3$"$!. +',-)*7%') $!)8023 !/!6 $/$6 1/0 05 $/6 1/5
$!."$0. +',-)*7%') $!)8021 !/!1 $/$1 #/5 #4 ./1 0/!
$0.9 +',-)*%&'( $!)8323 !/!6 $/.$ ./4 #4 $/4 0/$
!"1# +',-)*%&'( $!)812. $/#$ $/$6 0/# 4! $/3 0/4
1#"0# %&'(:*+;%<)*7%')*%&'( $!)8.2$ ./6. $/$6 1/. 0. ./! 3/$
0#"6$ +',-)*%&'( ./0)02. !/43 $/.5 ./$ 0. $/! 3/.
6$9 +',-)*7%') $!)8023=>< !/!1 $/$! #/5 0# $/5 0/$
!"13 +',-)*%&'( $!)8#2. !/64 $/$5 3/5 46 $/1 0/3
13"33 +',-)*%&'( $!)812. $/#4 $/.. 1/! 3! $/3 0/#
33"56 7%')*%&'( $!)8.2$ 1/#. $/!! 4/0 04 #/. 1/5
56"$..9 7%') $!)8.2$ 1/36 !/60 4/6 01 #/3 1/3
!"#$ +',-)*%&'( $!)802# !/33 $/.1 1/4 41 $/. 0/3
#$"3$ +',-)*%&'( $!)812. !/6. $/$$ 3/# 45 $/1 0/4
3$"56 7%') $!)8#2. ./.6 $/!1 3/3 30 ./# 0/.
56"$$.9 7%') $!)8#2$ 1/03 !/6# 5/4 06 #/3 1/6
!"#$ +',-)*%&'( $!)812# !/6. $/$4 #/6 ## ./3 1/0
#$"13 +',-)*%&'( $!)8#2# $/#$ $/$0 #/6 #5 ./1 0/!
13"56 +',-)*%&'( $!)812# !/03 $/.4 ./0 15 $/# 0/3
56"$..9 +',-)*7%')*%&'( $!)8#2. !/53 $/$6 1/$ 3$ $/3 0/!
EP206 Down-
gradient
EP211 Down-
gradient
EP212 Down-
gradient
Cation 
Exchange 
Capacity
Base 
Saturation 
(%)
Exchangeable 
Acidity pH
EP201 Up-gradient
EP202 Drainfield
Site Location Depth (cm.) Soil Texture Matrix
Humic 
Matter 
(%)
Weight/Volume 
(g/cm3)
! ! !
&(+!
! !EP203: Goldsboro Series 
Figure AIII.1. Soil profile description for drainfield piezometer EP203. 
!"#$ %&'()*+,&- #!)./01 !234 #2!4 425 44 #24 $24
#$"56 %&'()*+,&- #!)./05 !2$# #2#3 52$ 63 #2# 62!
56"$5 %&'()*+,&- 12$)/0# !231 #214 12$ $6 #2# 625
$5"66 %&'()*+,&- 12$)$05 !251 #25/ #26 4$ !2/ 625
66"#14 %&'()*7+&) 12$)$01 !2!/ #2#6 123 43 !26 62!
#148 %&'()*+,&- 9+:)#"61 !2#5 #2#6 124 4; !26 $2;
Base 
Saturation 
(%)
Exchangeable 
Acidity pH
Depth 
(cm.) Soil Texture Matrix
Humic 
Matter 
(%)
Weight/Volume 
(g/cm3)
Cation 
Exchange 
Capacity
! ! !
&(#!
EP204: Goldsboro Series 
Figure AIII.2. Soil profile description for drainfield piezometer EP204. 
!"#$ %&'()*+,&- ./0)#1. $/23 $/$4 0/2 52 $/2 0/3
#$"6$ %&'()*+,&- ./0)#1$ $/!. $/.# #/6 62 $/# 0/3
6$"35 %&'()*7+&)*+,&- $!)8012 !/$# $/$6 #/0 26 $/3 0/0
359 %&'()*7+&)*+,&- ./0)01$ !/!2 $/$0 2/! 24 ./$ 0/0
Base 
Saturation 
(%)
Exchangeable 
Acidity pH
Depth 
(cm.) Soil Texture Matrix
Humic 
Matter 
(%)
Weight/Volume 
(g/cm3)
Cation 
Exchange 
Capacity
! ! !
&($!
! !
EP208: Bibb Series 
Figure AIII.3. Soil profile description for down-gradient piezometer EP208. 
!"## $%&' (!)*#+, ,-(. (-!. /-, 01 ,-( .-#
##"./ 2$&)3$%&' (!)*#+( ,-04 !-55 4-5 40 ,-# .-1
./"5(6 2$&) 0-.)*,-.+( 1-,! !-55 /-4 .0 #-0 1-.
Base 
Saturation 
(%)
Exchangeable 
Acidity pH
Depth 
(cm.)
Soil 
Texture Matrix
Humic 
Matter 
(%)
Weight/Volume 
(g/cm3)
Cation 
Exchange 
Capacity
! ! !
&(%!
! EP209: Bibb Series 
Figure AIII.4. Soil profile description for down-gradient piezometer EP209. 
!"#$ %&'()*+,&- .!)/#01 !23$ .2!3 32. 34 .25 525
#$"$4 %&'()*+,&-*,67(789(*/,,:*8,'9*;325)/<0#= .!)/<01 !23. .2!4 $2< >. .21 52>
$4"4# +,&-)*%&'(0%&'()*+,&- 125)#01 !2#$ .215 <21 $< .21 #23
4#? @+&) 125)1250. <2.4 !24< $21 51 <2! #24
Base 
Saturation 
(%)
Exchangeable 
Acidity pH
Depth 
(cm.) Soil Texture Matrix
Humic 
Matter 
(%)
Weight/Volume 
(g/cm3)
Cation 
Exchange 
Capacity
! ! !
&("!
! !Table AIII.3.  Soil profile data for piezometers at OWTS EP300. 
!"#$ %&'()*+,&- .!)/01# !234 .24. 520 $5 .23 520
#$"$0 %&'()*+,&- .!)/#14 .230 .2.$ $23 $6 424 52#
$0"37 %&'()*8+&)*+,&-1%&'()*8+&) .!)/51$* !2!0 .2.3 02! 05 424 025
37".7# %&'()*8+&)*+,&- .!)/$14* !2!0 .2.7 02$ 54 424 02.
.7#9 %&'()*+,&- :+;)+*01' !2!3 .2.7 323 .3 62! 42$
!"4# %&'()*+,&- 425)01# !27. .24! 02# 74 .24 52$
4#"7. %&'()*8+&) .!)/510 !2!3 .2.# 620 7! 425 52.
7."37 %&'()*8+&) .!)/510 !2.6 .2.0 $2. 50 426 026
37".47 %&'()*8+&) .!)/01#* !2.# .2.5 025 #$ 423 524
.479 +,&-)*%&'( .!)/$16* !2!3 .246 !26 75 !24 527
EP303 
Drainfield
Site 
Location
Depth 
(cm.) Soil Texture Matrix
Cation 
Exchange 
Capacity
Base 
Saturation 
(%)
Exchangeable 
Acidity pH
EP300 Up-
gradient
Humic 
Matter 
(%)
Weight/Volume 
(g/cm3)
EP301: Ocilla Series 
Figure AIII.5. Soil profile description for drainfield piezometer EP301. 
!"#$ %&'()*+,&- .!)/01$ !234 .2#5 52# 65 !26 42!
#$"$6 7+&) .!)/510 !2!8 .2.$ 625 8$ !24 523
$6"4. 7+&) .!)/510* !2!0 .2.5 028 5. #20 028
4."34 7+&) .!)/51$#* !2!0 .2.4 02# 55 .28 52!
34".!3 %&'()*7+&) .!)/51# !2!8 .2.4 $23 46 .2# 520
.!3".$# %&'()*7+&) .!)/514
.$#".3! %&'()*7+&) #25)514
.3!9 %&'()*7+&) 41.!)*:+;)*.
Base 
Saturation 
(%)
Exchangeable 
Acidity pH
Depth 
(cm.) Soil Texture Matrix
Humic 
Matter 
(%)
Weight/Volume 
(g/cm3)
Cation 
Exchange 
Capacity
! ! !
&)'!
!
Table AIII.4. Soil profile data for piezometers at OWTS EP400. 
!"#$ %&'()*+,&- ./0)01# !/#$ $/.0 2/3 45 $/2 0/#
#$"3$ %&'()*6+&)*+,&- $!)7014 !/!# $/$2 0/. #8 ./5 0/$
3$"$.59 %&'()*6+&) $!)741. !/!3 $/.$ #/. 45 $/# 0/8
!"2$ %&'()*+,&- ./0)#12 !/#$ $/.5 #/5 48 $/0 0/0
2$"08 %&'()*+,&- ./0)01# !/.5 $/24 2/! 52 !/8 0/3
08"3$ %&'()*6+&)*+,&- $!)701#* !/$2 $/$5 #/2 53 !/3 4/!
3$"$0. %&'()*6+&)* $!)7012* !/!3 $/.# 2/8 4$ $/0 0/0
$0.".$2 %&'()*6+&) $!)751$* !/$2 $/$. #/! #! ./# 0/2
.$2"2!0 %&'()*+,&- ./0)81$ !/!3 $/$0 $/3 .4 $/# #/3
pHSite Location
Depth 
(cm) Soil Texture Matrix
Humic 
Matter 
(%)
Weight/Volume 
(g/cm3)
EP401 
Drainfield
EP402 
Drainfield
Cation 
Exchange 
Capacity
Base 
Saturation 
(%)
Exchangeable 
Acidity
!!
!
Appendix IV. Complete Compiled Data Sets 
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Table AIV.2. Summary of SmartChem derived nitrogen data, used to supplement OWTS 
Shimadzu derived nitrogen data in January and May 2012.  
NH4+(mg/L) NO3-+NO2- (mg/L) DKN¶ (mg/L) TDN§ (mg/L) NH4+(mg/L) NO3-+NO2- (mg/L) DKN¶ (mg/L) TDN§ (mg/L)
101 0.24 5.37 1.01 6.38 0.16 4.61 0.31 4.91
102 0.03 5.96 0.37 6.32 0.20 4.81 0.54 5.36
103 3.65 2.63 5.29 7.93 6.85 0.14 10.30 10.45
104 0.82 0.30 1.52 1.82 0.96 0.04 2.23 2.26
105 2.56 0.06 4.64 4.70 4.50 0.03 6.42 6.45
106 1.38 <0.01 1.74 1.75 1.43 0.08 1.84 1.92
107-S 10.79 0.15 12.34 12.50 13.39 0.04 6.81 6.85
107-D 3.42 <0.01 3.96 3.97 4.19 0.09 4.72 4.81
108-M 7.56 0.05 7.62 7.66 13.34 1.51 7.75 9.26
108-D 4.68 0.06 5.17 5.22 14.80 0.06 7.10 7.16
109-S 7.73 0.08 8.49 8.57 7.24 0.01 9.32 9.33
109-D 7.53 0.04 8.78 8.82 15.17 <0.01 7.51 7.52
110-S 14.42 0.05 15.44 15.49 19.46 0.01 11.53 11.55
110-D 18.98 0.01 11.59 11.60
201 0.12 7.33 0.41 7.74 50.63 0.05 53.62 53.67
202 33.71 0.33 36.21 36.53 38.84 0.66 35.01 35.67
203 64.30 0.04 71.31 71.35 56.95 0.18 54.04 54.22
204 12.28 0.17 12.51 12.69 12.37 0.42 6.36 6.78
205 1.41 0.09 1.50 1.59 2.17 0.06 2.45 2.52
206 1.34 0.03 2.61 2.64 3.16 0.24 7.77 8.00
207-S 3.48 0.05 5.51 5.56 3.77 0.07 5.86 5.93
207-D 2.48 0.06 2.72 2.78 4.91 0.07 6.29 6.36
208-S 1.37 0.05 2.32 2.36 1.93 0.15 3.93 4.08
208-D 3.33 0.04 3.79 3.83 4.21 0.28 6.50 6.78
209-S 11.64 0.03 12.22 12.25 14.93 <0.01 15.03 15.04
209-D 2.30 0.08 2.92 2.99 2.95 0.08 4.42 4.50
210-S 4.51 0.04 5.35 5.39 4.16 0.16 3.40 3.56
210-D 4.31 0.04 5.07 5.11 5.79 0.24 6.87 7.11
211 3.17 0.13 3.40 3.53 4.07 0.12 4.51 4.63
212-S 9.86 0.04 10.60 10.63 21.23 0.61 26.57 27.19
212-D 6.51 0.04 6.56 6.60 10.44 0.47 10.86 11.34
213 0.90 0.03 1.09 1.12 6.77 0.13 5.46 5.59
200 stream 0.28 0.80 0.58 1.37 0.56 0.29 1.26 1.56
300-BG 0.05 0.02 0.02 0.04 0.15 0.04 <0.06 0.10
301 0.10 0.09 0.03 0.12 1.69 0.15 5.65 5.80
302 0.47 0.72 0.80 1.52 2.46 2.93 3.22 6.15
303 0.02 4.73 0.27 5.00 0.04 0.85 0.25 1.10
304 0.40 0.11 0.73 0.84 0.59 1.30 1.10 2.40
305 0.04 0.29 0.06 0.36 <0.01 0.20 <0.06 0.26
306 <0.012 0.03 0.21 0.24 0.03 0.02 0.16 0.19
307 <0.012 0.02 0.16 0.18 0.02 0.03 0.08 0.11
308 0.04 0.11 0.07 0.18 0.08 0.15 <0.06 0.21
309 0.08 0.07 0.65 0.72 0.11 0.02 0.59 0.61
310 0.03 0.02 0.35 0.38 <0.01 0.02 0.08 0.10
311 <0.012 0.40 <0.059 0.46 0.45 0.81 0.54 1.34
300 stream 0.67 0.97 0.96 1.93 0.75 0.55 1.13 1.68
401 1.18 7.60 2.20 9.80 0.42 4.94 1.01 5.95
402 1.65 57.15 2.56 59.71 2.49 12.65 3.42 16.07
403 0.12 0.29 0.65 0.94 0.25 0.28 0.48 0.75
!"#$%"&"#'()*"$+,,'*-./"%+(0'1.23"(4.",56"'7"$8%")2/"%9:;<%9=;
May 2012January 2012Sample
>"$8%&"$+,,'*-./"8?.*/)4*"%+(0'1.23"(4.",56"'7"'01)2+@"2+(0'1.2A")66'2+)A")2/")66'2+56
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Table AIV.3. JMP output of non-parametric Spearman's rank correlations of 
compiled drainfield data across all four OWTS and all four sampling dates.  
TDN values are from the Shimadzu method.  An asterisk next to the p-value 
indicates a significant correlation. 
EC (us/cm)
sep dist (m.)
sep dist (m.)
DOC (mg/L)
DOC (mg/L)
DOC (mg/L)
TDN (mg/L)
TDN (mg/L)
TDN (mg/L)
TDN (mg/L)
LOI (mg/L)
LOI (mg/L)
LOI (mg/L)
LOI (mg/L)
LOI (mg/L)
DO (mg/L
DO (mg/L
DO (mg/L
DO (mg/L
DO (mg/L
DO (mg/L
Variable
DTW (Ft)
DTW (Ft)
EC (us/cm)
DTW (Ft)
EC (us/cm)
sep dist (m.)
DTW (Ft)
EC (us/cm)
sep dist (m.)
DOC (mg/L)
DTW (Ft)
EC (us/cm)
sep dist (m.)
DOC (mg/L)
TDN (mg/L)
DTW (Ft)
EC (us/cm)
sep dist (m.)
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
by Variable
0.0092
0.9912
-0.0631
-0.6374
0.2073
-0.6161
-0.1306
0.8916
-0.1685
0.3109
0.1736
0.2422
0.1479
-0.2103
0.1792
0.4701
0.0846
0.4955
-0.2042
-0.0227
0.0406
Spearman ρ
0.9638
<.0001*
0.7544
0.0003*
0.2994
0.0005*
0.5075
<.0001*
0.3915
0.1073
0.3866
0.2333
0.4615
0.2923
0.3711
0.0116*
0.6748
0.0073*
0.2972
0.9086
0.8406
Prob>|ρ| -.8 -.6 -.4 -.2 0 .2 .4 .6 .8
Nonparametric: Spearman's ρ
! ! !
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Table AIV.4. JMP output of non-parametric Spearman's rank correlations of January and 
May 2012 SmartChem derived drainfield nitrogen species data for all four OWTS.  An 
asterisk next to the p-value indicates a significant correlation. 
 
  
N03 (mg/L)
TDN (mg/L)
TDN (mg/L)
NH4 (mg/L)
NH4 (mg/L)
NH4 (mg/L)
Avg. % humic matter
Avg. % humic matter
Avg. % humic matter
Avg. % humic matter
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
DOC (mg/L)
DOC (mg/L)
DOC (mg/L)
DOC (mg/L)
DOC (mg/L)
DOC (mg/L)
DO (mg/L)
DO (mg/L)
DO (mg/L)
DO (mg/L)
DO (mg/L)
DO (mg/L)
DO (mg/L)
EC (us/cm)
EC (us/cm)
EC (us/cm)
EC (us/cm)
EC (us/cm)
EC (us/cm)
EC (us/cm)
EC (us/cm)
DTW (ft)
DTW (ft)
DTW (ft)
DTW (ft)
DTW (ft)
DTW (ft)
DTW (ft)
DTW (ft)
DTW (ft)
Variable
separation dist (ft.)
separation dist (ft.)
N03 (mg/L)
separation dist (ft.)
N03 (mg/L)
TDN (mg/L)
separation dist (ft.)
N03 (mg/L)
TDN (mg/L)
NH4 (mg/L)
separation dist (ft.)
N03 (mg/L)
TDN (mg/L)
NH4 (mg/L)
Avg. % humic matter
separation dist (ft.)
N03 (mg/L)
TDN (mg/L)
NH4 (mg/L)
Avg. % humic matter
%HM @ screen int.
separation dist (ft.)
N03 (mg/L)
TDN (mg/L)
NH4 (mg/L)
Avg. % humic matter
%HM @ screen int.
DOC (mg/L)
separation dist (ft.)
N03 (mg/L)
TDN (mg/L)
NH4 (mg/L)
Avg. % humic matter
%HM @ screen int.
DOC (mg/L)
DO (mg/L)
separation dist (ft.)
N03 (mg/L)
TDN (mg/L)
NH4 (mg/L)
Avg. % humic matter
%HM @ screen int.
DOC (mg/L)
DO (mg/L)
EC (us/cm)
by Variable
0.6154
0.0277
0.0843
-0.3483
-0.3149
0.8408
-0.6947
-0.3947
0.1821
0.5255
-0.5171
-0.2380
0.1877
0.2467
0.3550
-0.3986
-0.1436
0.3497
0.4615
0.6155
0.5416
-0.2556
-0.0382
-0.0104
-0.0696
-0.0235
0.0555
0.2182
0.1666
0.2861
0.7022
0.5570
0.2061
0.1242
0.5035
0.1862
0.8316
0.6048
0.1860
-0.1350
-0.3985
-0.3555
-0.1748
0.0144
0.4176
Spearman ρ
0.0005*
0.8888
0.6697
0.0693
0.1027
<.0001*
0.0002*
0.0563
0.3943
0.0084*
0.0097*
0.2627
0.3798
0.2451
0.0887
0.1993
0.6561
0.2652
0.1309
0.0582
0.1059
0.1981
0.8501
0.9590
0.7301
0.9131
0.7967
0.5192
0.3967
0.1400
<.0001*
0.0021*
0.3339
0.5630
0.0952
0.3524
<.0001*
0.0007*
0.3434
0.4933
0.0538
0.0882
0.5868
0.9433
0.0270*
Prob>|ρ| -.8 -.6 -.4 -.2 0 .2 .4 .6 .8
Nonparametric: Spearman's ρ
! ! !
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  Table AIV.5. JMP output of spearman's rank correlations between PPCP 
concentration, DOC, chemical properties, and distance from the tank. 
!
Distance from tank (m)
Piezometer depth (m.)
Piezometer depth (m.)
Separation distance (m.)
Separation distance (m.)
Separation distance (m.)
Solubility
Solubility
Solubility
Solubility
Kow
Kow
Kow
Kow
Kow
log Kow
log Kow
log Kow
log Kow
log Kow
log Kow
DOC (mg/L)
DOC (mg/L)
DOC (mg/L)
DOC (mg/L)
DOC (mg/L)
DOC (mg/L)
DOC (mg/L)
Variable
PPCP Concentration
PPCP Concentration
Distance from tank (m)
PPCP Concentration
Distance from tank (m)
Piezometer depth (m.)
PPCP Concentration
Distance from tank (m)
Piezometer depth (m.)
Separation distance (m.)
PPCP Concentration
Distance from tank (m)
Piezometer depth (m.)
Separation distance (m.)
Solubility
PPCP Concentration
Distance from tank (m)
Piezometer depth (m.)
Separation distance (m.)
Solubility
Kow
PPCP Concentration
Distance from tank (m)
Piezometer depth (m.)
Separation distance (m.)
Solubility
Kow
log Kow
by Variable
-0.5623
-0.1592
-0.2679
0.1720
-0.4324
0.6355
-0.0793
-0.0130
0.1081
0.2305
0.0793
0.0130
-0.1081
-0.2305
-1.0000
0.2198
0.0496
-0.2369
-0.2305
-0.5633
0.5633
0.3592
-0.4451
-0.4487
-0.4658
-0.0567
0.0567
0.1402
Spearman ρ
<.0001*
0.3018
0.0548
0.4217
0.0274*
0.0005*
0.5107
0.9141
0.4848
0.2786
0.5107
0.9141
0.4848
0.2786
<.0001*
0.0717
0.6811
0.1215
0.2786
<.0001*
<.0001*
0.0021*
<.0001*
0.0008*
0.0165*
0.6384
0.6384
0.2436
Prob>|ρ| -.8 -.6 -.4 -.2 0 .2 .4 .6 .8
Nonparametric: Spearman's ρ
! ! !
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Table AIV.6. JMP output of spearman's rank correlations between PPCP concentration 
and all environmental parameters.  An asterisk indicates significant p-values. 
DOC (mg/L)
TDN (mg/L)
TDN (mg/L)
LOI (mg/L)
LOI (mg/L)
LOI (mg/L)
C/N ratio
C/N ratio
C/N ratio
C/N ratio
DO (mg/L)
DO (mg/L)
DO (mg/L)
DO (mg/L)
DO (mg/L)
temp. (celcius)
temp. (celcius)
temp. (celcius)
temp. (celcius)
temp. (celcius)
temp. (celcius)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
pH
pH
pH
pH
pH
pH
pH
pH
pH
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
Variable
Total PPCP Concentration
Total PPCP Concentration
DOC (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Piezometer depth (ft.)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Piezometer depth (ft.)
Separation dist. (ft.)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Piezometer depth (ft.)
Separation dist. (ft.)
Average % humic matter
by Variable
0.3592
0.5058
0.7728
0.2263
0.0450
0.2795
-0.3519
-0.1010
-0.6526
-0.4690
-0.3886
-0.5002
-0.7640
-0.1538
0.5084
0.2120
0.5600
0.3507
-0.1581
0.0446
-0.3584
0.0049
-0.3448
-0.4521
0.0511
0.1953
0.3078
-0.2419
0.4849
0.6446
0.9111
0.2910
-0.6359
-0.7590
0.3160
-0.3135
0.1831
0.0964
0.3689
0.1320
-0.3516
-0.2058
-0.4262
-0.1290
0.3022
-0.0223
-0.2815
-0.5139
-0.1695
0.3456
0.1742
0.0789
0.4829
-0.4379
-0.2457
0.0627
0.2466
0.2598
0.1897
-0.1642
0.0851
-0.1653
0.4331
0.2122
0.2245
-0.1046
-0.2716
0.2775
0.4905
0.3163
-0.3918
-0.0082
-0.1900
-0.3828
0.3159
0.3230
-0.6440
0.2970
-0.3718
0.1134
0.4285
0.3812
-0.4714
0.0629
-0.3410
-0.3873
0.4152
0.3065
-0.6441
0.3434
0.8361
Spearman ρ
0.0021*
<.0001*
<.0001*
0.0577
0.6918
0.0120*
0.0026*
0.3728
<.0001*
<.0001*
0.0011*
<.0001*
<.0001*
0.1817
<.0001*
0.0827
<.0001*
0.0018*
0.1696
0.7002
0.0014*
0.9755
0.0142*
0.0010*
0.7244
0.1740
0.0296*
0.0905
<.0001*
<.0001*
<.0001*
0.0102*
<.0001*
<.0001*
0.0051*
0.0266*
0.1350
0.4044
0.0010*
0.2524
0.0017*
0.0726
0.0001*
0.3721
0.0075*
0.8858
0.0432*
<.0001*
0.2298
0.0121*
0.2313
0.5900
0.0006*
0.0017*
0.0887
0.6756
0.0780
0.0629
0.1779
0.2448
0.5568
0.2514
0.0074*
0.1390
0.1171
0.5321
0.1465
0.0916
0.0018*
0.0530
0.0150*
0.9614
0.2600
0.0232*
0.0568
0.0512
<.0001*
0.1587
0.0431*
0.4977
0.0073*
0.0182*
0.0028*
0.7116
0.0389*
0.0215*
0.0106*
0.0650
<.0001*
0.1004
<.0001*
Prob>|ρ| -.8 -.6 -.4 -.2 0 .2 .4 .6 .8
Nonparametric: Spearman's ρ
! ! !
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DOC (mg/L)
TDN (mg/L)
TDN (mg/L)
LOI (mg/L)
LOI (mg/L)
LOI (mg/L)
C/N ratio
C/N ratio
C/N ratio
C/N ratio
DO (mg/L)
DO (mg/L)
DO (mg/L)
DO (mg/L)
DO (mg/L)
temp. (celcius)
temp. (celcius)
temp. (celcius)
temp. (celcius)
temp. (celcius)
temp. (celcius)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
pH
pH
pH
pH
pH
pH
pH
pH
pH
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
Variable
Total PPCP Concentration
Total PPCP Concentration
DOC (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Piezometer depth (ft.)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Piezometer depth (ft.)
Separation dist. (ft.)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Piezometer depth (ft.)
Separation dist. (ft.)
Average % humic matter
by Variable
-0.1978
0.1323
0.4735
0.5524
-0.4749
0.0255
-0.2118
0.1232
-0.7419
-0.2134
-0.0245
-0.0052
-0.6155
-0.0238
0.6507
-0.0167
0.6000
0.2710
-0.2890
0.2392
-0.1384
0.1720
-0.4658
-0.3523
-0.0429
0.0810
0.1244
0.0192
0.1098
0.1399
0.8946
0.1454
-0.8409
-0.6220
0.0000
-0.2411
-0.1570
-0.1488
-0.0451
-0.1771
-0.1126
0.2218
-0.7067
-0.0824
0.1021
0.1964
-0.2863
-0.2358
0.1812
0.0113
0.1976
0.0538
0.4899
-0.1917
-0.2872
-0.1263
0.0275
-0.4885
-0.2772
0.7123
0.5676
0.0365
0.3268
-0.5611
0.2664
-0.1274
-0.0841
0.6239
0.7880
-0.2759
-0.6437
-0.6890
0.0580
-0.8701
0.5588
0.1174
-0.5838
-0.5494
-0.5483
0.7835
0.6361
-0.3018
-0.3981
-0.3074
-0.2196
-0.7467
0.3953
0.2508
-0.8336
-0.5215
0.7381
Spearman ρ
0.3541
0.5377
0.0146*
0.0051*
0.0142*
0.9017
0.3205
0.5488
<.0001*
0.2953
0.9095
0.9800
0.0008*
0.9082
0.0003*
0.9382
0.0012*
0.1805
0.1521
0.2392
0.5002
0.4217
0.0165*
0.0776
0.8351
0.6942
0.5448
0.9259
0.6097
0.4956
<.0001*
0.4786
<.0001*
0.0007*
1.0000
0.2355
0.4638
0.4681
0.8267
0.3869
0.5838
0.2761
<.0001*
0.6889
0.6198
0.3812
0.1749
0.2674
0.3968
0.9582
0.3548
0.8027
0.0151*
0.3696
0.1737
0.5958
0.9059
0.0247*
0.2238
0.0003*
0.0073*
0.8753
0.1482
0.0081*
0.2430
0.5822
0.8057
0.0227*
0.0014*
0.3616
0.0176*
0.0092*
0.8507
0.0001*
0.0471*
0.7024
0.0362*
0.1000
0.0808
0.0015*
0.0194*
0.3163
0.1779
0.3069
0.4710
0.0034*
0.1813
0.4086
0.0004*
0.1221
0.0040*
Prob>|ρ| -.8 -.6 -.4 -.2 0 .2 .4 .6 .8
Nonparametric: Spearman's ρ
Table AIV.7. JMP output of Spearman's rank correlations when just the drainfield piezometers 
are compared to all environmental parameters. An asterisk indicates significant p-values. 
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DOC (mg/L)
TDN (mg/L)
TDN (mg/L)
LOI (mg/L)
LOI (mg/L)
LOI (mg/L)
C/N ratio
C/N ratio
C/N ratio
C/N ratio
DO (mg/L)
DO (mg/L)
DO (mg/L)
DO (mg/L)
DO (mg/L)
temp. (celcius)
temp. (celcius)
temp. (celcius)
temp. (celcius)
temp. (celcius)
temp. (celcius)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
pH
pH
pH
pH
pH
pH
pH
pH
pH
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
Variable
Total PPCP Concentration
Total PPCP Concentration
DOC (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Piezometer depth (ft.)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Piezometer depth (ft.)
Separation dist. (ft.)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Piezometer depth (ft.)
Separation dist. (ft.)
Average % humic matter
by Variable
0.4188
0.6020
0.7286
0.2406
0.0711
0.3436
-0.3859
0.0225
-0.5968
-0.5323
-0.4339
-0.4442
-0.7563
-0.1708
0.4708
0.3038
0.5664
0.3396
-0.1748
0.0786
-0.3311
-0.1055
-0.2608
-0.3773
0.0257
0.1461
0.2705
-0.2120
0.5815
0.5665
0.8828
0.3495
-0.5593
-0.7715
0.2902
-0.2260
0.1544
0.1188
0.4447
0.1649
-0.4092
-0.2336
-0.4134
-0.1549
0.3783
-0.0192
-0.2208
-0.4579
-0.1697
0.3043
0.1827
0.0212
0.5053
-0.3529
-0.2103
0.0651
0.1773
0.1934
0.2345
-0.1547
0.1068
-0.1945
0.5182
0.1465
0.2123
0.0060
-0.2107
0.2827
0.5043
0.3410
-0.3579
0.0257
-0.1716
-0.2577
0.2643
0.3183
-0.6615
0.5975
-0.4045
0.0774
0.3585
0.3500
-0.4082
0.1012
-0.2956
-0.3796
0.3441
0.2707
-0.6399
0.4928
0.7609
Spearman ρ
0.0007*
<.0001*
<.0001*
0.0596
0.5586
0.0036*
0.0019*
0.8531
<.0001*
<.0001*
0.0006*
0.0002*
<.0001*
0.1671
<.0001*
0.0193*
<.0001*
0.0049*
0.1572
0.5273
0.0062*
0.5341
0.0873
0.0116*
0.8684
0.3441
0.0757
0.1671
<.0001*
<.0001*
<.0001*
0.0037*
<.0001*
<.0001*
0.0172*
0.1401
0.2430
0.3385
0.0002*
0.1824
0.0006*
0.0571
0.0005*
0.3152
0.0016*
0.9078
0.1404
0.0014*
0.2595
0.0398*
0.2409
0.8929
0.0008*
0.0203*
0.1759
0.6820
0.2384
0.1978
0.1167
0.3048
0.4901
0.2059
0.0028*
0.3428
0.1664
0.9740
0.3119
0.1170
0.0033*
0.0561
0.0443*
0.8910
0.3560
0.1771
0.1508
0.0809
<.0001*
0.0088*
0.0449*
0.6736
0.0439*
0.0496*
0.0204*
0.5879
0.1064
0.0422*
0.0581
0.1408
<.0001*
0.0377*
<.0001*
Prob>|ρ| -.8 -.6 -.4 -.2 0 .2 .4 .6 .8
Nonparametric: Spearman's ρ
Table AIV.8. JMP output of Spearman's rank correlations comparing the three OWTS with similar 
soil particle size distributions (EP100, EP200, and EP400 and excluding site EP300).  An asterisk 
indicates significant p-values. 
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DOC (mg/L)
TDN (mg/L)
TDN (mg/L)
LOI (mg/L)
LOI (mg/L)
LOI (mg/L)
C/N ratio
C/N ratio
C/N ratio
C/N ratio
DO (mg/L)
DO (mg/L)
DO (mg/L)
DO (mg/L)
DO (mg/L)
temp. (celcius)
temp. (celcius)
temp. (celcius)
temp. (celcius)
temp. (celcius)
temp. (celcius)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
DtW (ft.)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
Conductivity (us/cm)
pH
pH
pH
pH
pH
pH
pH
pH
pH
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Piezometer depth (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Separation dist. (ft.)
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
Average % humic matter
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
%HM @ screen int.
Variable
Total PPCP Concentration
Total PPCP Concentration
DOC (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Piezometer depth (ft.)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Piezometer depth (ft.)
Separation dist. (ft.)
Total PPCP Concentration
DOC (mg/L)
TDN (mg/L)
LOI (mg/L)
C/N ratio
DO (mg/L)
temp. (celcius)
DtW (ft.)
Conductivity (us/cm)
pH
Piezometer depth (ft.)
Separation dist. (ft.)
Average % humic matter
by Variable
-0.0477
0.3419
0.2409
0.4918
-0.3327
0.3307
-0.2828
0.2698
-0.8394
-0.3656
-0.0609
0.0850
-0.6383
-0.0270
0.6833
0.0938
0.5989
0.1763
-0.2142
0.2644
-0.1008
0.0252
-0.2418
-0.0669
-0.2207
-0.0739
0.0373
0.1992
0.2685
-0.1024
0.8911
0.3452
-0.9361
-0.6478
-0.1085
0.0136
-0.1536
-0.2912
-0.1668
-0.1184
-0.1558
0.2583
-0.8148
-0.0217
0.0205
0.1327
-0.0558
-0.0050
0.0190
-0.0170
0.1404
0.1981
0.3870
-0.0539
-0.1751
-0.1277
-0.1436
-0.8146
-0.2433
0.7023
0.6811
-0.0458
0.4396
-0.7959
0.1558
0.0639
0.2011
0.4252
0.7065
-0.0863
-0.6042
-0.8088
0.0927
-0.7385
0.4891
-0.0607
-0.4040
-0.8242
-0.6208
0.8024
0.4188
-0.1183
-0.2398
-0.1630
-0.2717
-0.4891
0.2142
0.2142
-0.9470
-0.8242
0.4305
Spearman ρ
0.8330
0.1194
0.2682
0.0201*
0.1209
0.1233
0.2022
0.2131
<.0001*
0.0863
0.7877
0.6999
0.0010*
0.9027
0.0003*
0.6779
0.0025*
0.4210
0.3265
0.2227
0.6472
0.9113
0.2663
0.7618
0.3115
0.7375
0.8659
0.3623
0.2270
0.6420
<.0001*
0.1067
<.0001*
0.0008*
0.6221
0.9509
0.4950
0.1776
0.4468
0.5906
0.4777
0.2340
<.0001*
0.9219
0.9260
0.5770
0.8101
0.9828
0.9347
0.9416
0.5438
0.3894
0.0831
0.8165
0.4477
0.6135
0.5696
<.0001*
0.3307
0.0012*
0.0019*
0.8569
0.0679
<.0001*
0.5371
0.8011
0.6039
0.2206
0.0224*
0.8126
0.0643
0.0046*
0.7989
0.0147*
0.1514
0.8676
0.2469
0.0226*
0.0744
0.0052*
0.2284
0.7448
0.5046
0.6527
0.4476
0.1514
0.5524
0.5524
<.0001*
0.0226*
0.2143
Prob>|ρ| -.8 -.6 -.4 -.2 0 .2 .4 .6 .8
Warning: sample size of 10 is too small, P value suspect.
Nonparametric: Spearman's ρ
Table AIV.9. JMP output of Spearman's rank correlations comparing only drainfield 
piezometers from OWTS of similar particle size distribution (EP100, EP200, and EP400, 
excluding EP300).  An asterisk indicates significant p-values. 
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Table AIV.10. Compiled data sets of PPCP, DOC, and TDN concentration for each 
individual piezometer, as well as other relevant parameters measured and cited in this 
study.  
8-12-EP101BG ibuprofen 29.91 21.54 2.49 29.23 10.36 0.18 0.04 2.48 11
deet 0.95 21.54 2.49 29.23 10.36 0.18 0.04 2.48 11
homosalate 0.84 21.54 2.49 29.23 10.36 0.18 0.04 2.48 11
caffeine 1.12 21.54 2.49 29.23 10.36 0.18 0.04 2.48 11
11-12-EP101BG deet 11.20 3.49 4.46 111.25 0.94 0.18 0.04 2.48 11
8-12-EP201BG deet 0.13 11.30 2.75 60.00 4.93 0.21 0.09 2.82 25
11-12-EP201BG 7.05 4.99 52.14 1.69 0.21 0.09 2.82 25
8-12-EP300BG deet 0.18 21.54 1.12 45.16 23.14 0.61 0.09 3.44 13
caffeine 0.56 21.54 1.12 45.16 23.14 0.61 0.09 3.44 13
11-12-EP300BG deet 2.89 8.78 1.23 29.68 8.59 0.61 0.09 3.44 13
8-12-EP403BG ibuprofen 1.14 8.18 1.70 68.54 5.77 4.15 34
caffeine 0.20 8.18 1.70 68.54 5.77 4.15 34
11-12-EP403BG deet 0.35 4.20 1.44 44.68 3.51 4.15 34
8-12-EP100tank ibuprofen 81.48 88.99 58.27 84.07 1.83 0
deet 15.29 88.99 58.27 84.07 1.83 0
homosalate 10.13 88.99 58.27 84.07 1.83 0
caffeine 15.88 88.99 58.27 84.07 1.83 0
11-12-EP100tank ibuprofen 135.62 74.3 46.54 156.00 1.92 0
deet 0.64 74.3 46.54 156.00 1.92 0
homosalate 2.49 74.3 46.54 156.00 1.92 0
caffeine 73.66 74.3 46.54 156.00 1.92 0
8-12-EP200tank deet 3.26 89.87 33.24 40.57 3.24 0
caffeine 4.43 89.87 33.24 40.57 3.24 0
11-12-EP200tank ibuprofen 2.23 29.55 19.88 43.33 1.78 0
deet 1.04 29.55 19.88 43.33 1.78 0
caffeine 53.95 29.55 19.88 43.33 1.78 0
8-12-EP300tank deet 0.32 49.32 42.14 67.66 1.40 0
homosalate 0.74 49.32 42.14 67.66 1.40 0
caffeine 25.77 49.32 42.14 67.66 1.40 0
11-12-EP300tank caffeine 6.07 41.66 43.59 41.58 1.15 0
8-12-EP400tank ibuprofen 27.30 38.42 27.29 152.50 1.69 0
deet 1.27 38.42 27.29 152.50 1.69 0
homosalate 6.85 38.42 27.29 152.50 1.69 0
caffeine 80.57 38.42 27.29 152.50 1.69 0
11-12-EP400tank ibuprofen 122.25 33.7 32.7 556.67 1.24 0
homosalate 2.24 33.7 32.7 556.67 1.24 0
caffeine 23.51 33.7 32.7 556.67 1.24 0
deet 0.28 33.7 32.7 556.67 1.24 0
8-12-EP103 ibuprofen 2.48 29.86 8.82 431.58 4.06 2.2 0.18 1.57 27
deet 0.47 29.86 8.82 431.58 4.06 2.2 0.18 1.57 27
11-12-EP103 20.03 5.66 392.00 4.25 2.2 0.18 1.57 27
8-12-EP110s ibuprofen 12.04 31.17 17.42 55.00 2.15 1.58 38
deet 1.29 31.17 17.42 55.00 2.15 1.58 38
homosalate 0.29 31.17 17.42 55.00 2.15 1.58 38
caffeine 0.29 31.17 17.42 55.00 2.15 1.58 38
11-12-EP110s ibuprofen 7.45 16.39 15.96 691.67 1.23 1.58 38
8-12-EP110d rep1 ibuprofen 0.67 48.50 5.60 34.60 10.40 2.46 38
8-12-EP110d rep2 ibuprofen 1.75 48.42 6.89 31.42 8.43 2.46 38
deet 0.12 48.42 6.89 31.42 8.43 2.46 38
caffeine 0.42 48.42 6.89 31.42 8.43 2.46 38
11-12-EP110d deet 0.21 23.85 14.59 43.70 1.96 2.46 38
ibuprofen 0.88 23.85 14.59 43.70 1.96 2.46 38
8-12-EP202 ibuprofen 4.73 52.07 19.70 109.88 3.17 0.99 1.01 1.51 12
deet 2.64 52.07 19.70 109.88 3.17 0.99 1.01 1.51 12
11-12-EP202 ibuprofen 0.56 37.57 12.90 76.92 3.49 0.99 1.01 1.51 12
deet 0.38 37.57 12.90 76.92 3.49 0.99 1.01 1.51 12
8-12-EP203 deet 0.20 33.88 4.48 25.93 9.08 0.48 0.13 2.88 8
11-12-EP203 ibuprofen 0.55 24.41 7.98 77.27 3.67 0.48 0.13 2.88 8
deet 0.77 24.41 7.98 77.27 3.67 0.48 0.13 2.88 8
11-12-EP301 deet 3.01 1.37 0.68 131.43 2.44 0.2 0.09 1.68 10
8-12-EP302 6.87 1.66 197.50 4.96 0.31 0.09 2.39 8
11-12-EP303 deet 2.99 10.37 0.77 140.00 16.13 0.24 0.09 2.52 19
8-11-EP402 deet 0.69 17.70 3.81 36.36 5.58 0.19 0.09 3.98 23
11-12-EP402 deet 0.75 8.06 1.23 96.92 7.87 0.19 0.09 3.98 23
8-12-EP108s 72.18 4.56 2069.57 18.98 2.3 0.76 1.23 51
11-12-EP108m deet 0.45 15.35 11.57 603.70 1.59 2.3 3.77 1.95 51
8-12-EP108d 73.53 12.11 500.00 7.29 2.3 3.77 2.37 51
11-12-EP108d 19.33 9.95 360.00 2.33 2.3 3.77 2.37 51
8-12-EP209s deet 0.96 23.82 10.20 228.79 2.80 1.3 1.45 1.46 34
11-12-EP209d deet 0.27 2.19 2.32 400.00 1.14 1.3 3.19 2.07 34
8-12-EP212s deet 0.37 41.24 15.43 432.26 3.21 0.91 0.91 1.31 32
caffeine 0.95 41.24 15.43 432.26 3.21 0.91 0.91 1.31 32
11-12-EP212s 21.92 6.22 1870.00 4.23 0.91 0.91 1.31 32
8-12-EP212d rep1 deet 0.68 7.26 8.41 161.76 1.04 0.91 0.86 2.09 32
caffeine 1.03 7.26 8.41 161.76 1.04 0.91 0.86 2.09 32
8-12-EP212d rep2 deet 0.50 6.77 13.21 235.00 0.62 0.91 0.86 2.09 32
11-12-EP212d 1.58 10.58 646.67 0.18 0.91 0.86 2.09 32
8-12-EP100 & 200 stream deet 0.19 12.05 1.21 14.59 11.93 52
11-12-EP100 stream 6.80 1.02 5.80 7.99 52
11-12-EP200stream ibuprofen 0.24 7.11 1.12 3.50 7.61 52
C/N 
ratio
Avg. % 
humic 
% humic matter @ 
screen interval
Piezometer 
depth (m.)
Distance 
from tank 
Surface Water
Location Type LOI (mg/L)
Up-gradient
Tank
Drainfield
Down-gradient
Sample ID (month-
year-well id) Compound
Concentration 
(ug/L)
DOC 
(mg/L)
TDN 
(mg/L)
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Appendix V. Calibration Curves used for PPCP Quantification 
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!
y = 44624758.2x y = 376606699.3x 
y = 25983804.9x y = 70163143.1x 
Figure AV.1. Calibration curves used to quantify each of the four pharmaceuticals 
or personal care products in this study at site EP100 in November 2012.     
! ! !
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  Figure AV.2. Calibration curves used to quantify each of the four pharmaceuticals or 
personal care products in this study at sites EP300 and EP400 in November 2012.     
! ! !
&*)!
 
Figure AV.3. Calibration curves used to quantify each of the four pharmaceuticals or 
personal care products in this study at site EP200 in November 2012 and sites EP100, 
EP200, EP300, and EP400 in August 2012.     
!!
Appendix VI. Supplementary Site Data 
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Figure AVI.1. Monthly 2012 precipitation (in inches) in Greenville, NC.  Orange bars 
indicate months in which samples were collected for this study.  Precipitation data is 
from the National Climatic Data Center (NCDC). 
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Figure AVI.2. Cross-section view of piezometer layout at site EP100 showing the distance 
of each piezometer from the tank, the depth of each piezometer, and the screened 
interval.  The values in red indicate the average percent humic matter at the screened 
interval while the blue values indicate the average loss on ignition concentration (proxy 
for particulate organic carbon concentration).  UG= up-gradient, DF= drainfield, DG= 
down-gradient. 
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Figure AVI.3. Cross-section view of piezometer layout at site EP200, showing the distance of each 
piezometer from the tank, the depth of each piezometer, and the screened interval.  The values 
in red indicate the average percent humic matter at the screened interval while the blue values 
indicate the average loss on ignition concentration (proxy for particulate organic carbon 
concentration).  UG= up-gradient, DF= drainfield, DG= down-gradient. 
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Figure AVI.4. Cross-section view of piezometer layout at site EP300, showing the distance of 
each piezometer from the tank, the depth of each piezometer, and the screened interval.  The 
values in red indicate the average percent humic matter at the screened interval while the 
blue values indicate the average loss on ignition concentration (proxy for particulate organic 
carbon concentration).  UG= up-gradient, DF= drainfield, DG= down-gradient. 
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Figure AVI.5. Cross-section view of piezometer layout at site EP400, showing the distance of 
each piezometer from the tank, the depth of each piezometer, and the screened interval.  
The values in red indicate the average percent humic matter at the screened interval while 
the blue values indicate the average loss on ignition concentration (proxy for particulate 
organic carbon concentration).  UG= up-gradient, DF= drainfield, DG= down-gradient. 
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Figure AVI.6. Boxplot of PPCP concentrations at each location sampled at 
site EP100 in August and November 2012. 
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Figure AVI.7. Boxplot of PPCP concentrations at each location sampled 
at site EP200 in August and November 2012. 
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Figure AVI.8. Boxplot of PPCP concentrations at each location sampled 
at site EP300 in August and November 2012. 
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Figure AVI.9. Boxplot of PPCP concentrations at each location sampled at 
site EP400 in August and November 2012. 
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Table AVI.1. Estimated groundwater velocity values for each OWTS based on an estimated 
range (low-high) of effective porosities of sandy clay loam soil.  The estimated velocity was 
used to estimate a recharge time of groundwater from the surficial aquifer to the stream 15 
meters from the drainfield at sites EP100 and EP200.  
EP100 0.41 0.038 0.06 0.26 15 58
EP200 0.18 0.06 0.06 0.18 18 100
EP300 0.13 0.035 0.06 0.08
EP400 0.26 0.002 0.06 0.009
EP100 0.41 0.038 0.33 0.05 15 300
EP200 0.18 0.06 0.33 0.03 18 600
EP300 0.13 0.035 0.33 0.01
EP400 0.26 0.002 0.33 0.002
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Site 
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